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(a)

(®)

(©)
(d)

(e)

(f)
(&)

(h)

(M

G

(k)

It shall be the duty of every citizen of India :*

To abide by the Constitution and respect its ideals and institutions,
the National Flag and the National Anthem:;

To cherish and follow the noble ideals which inspired our national
struggle for freedom,;

To uphold and protect the sovereignty, unity and integrity of India;
To defend the country and render national service when called upon
to do so;

To promote harmony and the spirit of common brotherhood amongst
all the people of India transcending religious, linguistic and regional
or sectional diversities; to renounce practices derogatory to the
dignity of women;

To value and preserve the rich heritage or our composite culture;
To protect and improve the natural environment including
forests, lakes, rivers and wild life, and to have compassion for living
creatures;

To develop the scientific temper, humanism and the spirit of inquiry
and reform;

To safeguard public property and to abjure violence;

To strive towards excellence in all spheres of individual and collective
activity so that the national constantly rises to higher levels of

endeavour and achievement;

To provide opportunities education by the parent or the guardian, To his
child or a ward between the age of 6-14 years as the case may be.

* (Constitution of India : Section 51-A
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1.5 Nature of Physical Laws
* Summary
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PHYSICAL WORLD

1.1 Introduction

Dear students, welcome to you all to this first lecture
on Physics. Till Std. X, you have gained priliminary ideas
about optics, electricity, magnetism, motion, force,
gravitation, heat, energy, wave, sound, universe, etc. under
the subject science. These topics are related to physics.

Now, you may raise a question : What is Physics ?
Dear sindents, physics iz one of the basic disciplines in
the category of natural sciences. Physics is a science to
understand mature. The word ‘Bhautik Vigyan® (used in
Hindi / Gujarati) related to the science of physical world
is derived from Sanskrit word ‘Bhautiki’. Science of
studying the basic laws of nature and their manifestation
in different natural phenomena is Physics. Man has always
been curious about the world around him. Because of this
curiogity, man has observed the physical environment
carefully, searched meaningful patterns and relations in
natural phenomena; and still continues to do so. Conclusions,
facts, theories etc. derived from all these attempts means
physics. The english word ‘physics” comes from a Greek
word meaning ‘nature’.

Use of mathematics is very wide spread in physics.
Mathematical theories, formulae or mathematical models
arc inscparable from physics. As a famous quotation
states “physics is the king of science while mathematics
is the queen,” The Mathematical expressions obtained
for some physical event, not only provide logical
explanation of that event but also make predictions
about many other connected events. Our physical facilities,
ever since existence of humans to till date, are also due
to physics.
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1.2 Physics - Scope and Excitement

Dear students, a teacher speaks in the
classroom and you hear it. Have you analyse
this event, any time ?

How is sound produced, when a teacher
speaks ?

How this sound propagates in the
classroom 7

How do your ears receive this propagated
sound ?

Similarly, have you thought about the annual
cycle of seasons, the eclipse, the tides, the
regular repetitions of day and night, the bright
celestial objects in the night sky, ete. ?

In physics (i) we not only observe such
physical events, taking place in our day to
day life, but find out definite mechanisms
from the series of systematic observations.

(ii) The quantities involved in such
events are to be defined unambiguously
and meanigfully,

(iii) To derive lawg or principles from
such studies, and

(iv) Such derived laws or principles are
to be tested in wide perspectives.

Physics involves study of two fundamental
constituents of the universe : matter and
radiation, to find out origin of fundamental
particles of matter and radiation, the
interaction between them, the laws of nature
related to them, etc.

If we think further about matter, then
comes the nucleus of the atom. Here interaction
among neutrons, protons, mesons etc.; the
energies of the nucleus with radius of the order
107%m, formed due to such interactions; the
radiation emitted due to intra nuclear transitions,
etc. are the subject matter of nuclear physics.

Electrons revolving around the nucleus in
specific orbits of orbit radinus 107'%m with
specific numbers and electronic configurations,
their transitions, their interactions, special
properties of atom because of electrons, etc.
are all included in physics.

Due to interaction among atoms, molecules
are formed. These atoms do not remain
stationary inside a molecule, but perform
rotational and vibrational motions. By studying

the radiations emitted from atoms and
molecules, we can get insights into their
structure, From such physics, various aspects
of chemistry are also understood.

When many molecules and atoms combine
together, we get different phases of matter
namely gas, liquid and solid; depending on
physical conditions. Under certain temperature
and other conditions, we also get the fourth
state of matter - plasma. The plasma state
of matter obtained at extreme high
temperature opened up a possiblity as a
future source of tremendous energy for use
of mankind.

The mechanical, thermal, electrical,
magnetic and optical properties of matter are
studied in physics. Dear students, now you
will realies that to know and understand all
such properties of different subdisciplines of
physics like mechanics, thermodynamics,
electromagnetics, optics, electrodynamics have
been developed.

Mechanics is based on Newton’s laws of
motion and law of gravitation. It is concerned
with the motion of particles, rigid and
deformable bodies, force, work, etc.
Electrodynamics deals with electric and
magnetic phencmena associated with charged
and magnetic bodies. Here, how we forget
the contribution of physicists like Coulomb,
QOersted, Ampere, Faraday, Maxwell !

The working of optical fibre, telescopes
and microscopes; colours exhibited by thin
films, rainbow, mirage; images formed by the
mirrors and lenses, etc. are explained in optics.

Thermedynamics includes changes in
internal energy. temperature, entrepy, etc., of
the system through external work and transfer
of heat. The efficiency of heat engines and
refrigerators, the direction of physical and
chemical process, etc., are also studied in
thermodynamics.

In physics we discuss a space having
infinite dimensions. The operators in quantum
mechanics in such a space and their
operations on vectors are also very exciting.

But this is not the end of physics at all.
Studies related to sun and its planetary system
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is also carried out in physics. Galaxies, and
their structure, the large distance of the order
of billion light years amongst them, distribution
of billions of kilograms of their matter, the
intergalactic space; birth, evolution and death
of various stars etc. are also studied in
astrophysics, a branch of physics.

Dear students, thus we have seen that
the span of physics is from almost
‘vacoom’ to ‘infinity’. Even, vacuum is
also considered as some definite state in
physics.

Thus the scope of physics on the length
scale is from very small length of 107'“m

(radius of nucleus) to 10%®m (length of
galaxies). Thus the factor of length scales
is of the order of 1040,

The range of the time scale, about 1072 s

to 10'%s, can be obtained by dividing the
length scales by the speed of light.

The range of mass varies from 1070 kg
(mass of an electron) to 10°° kg (mass of
known observable universe).

Table 1.1 to Table 1.3 show the range of
these fundamental physical quantities of
length, time and mass.

Table 1.1 : Order of the length scale for different objects (only for information)

Size or Distance of object Order of length scale ()
Radius of a proton 100
Radius of atomic nucleus 107
Size of the hydrogen atom 1071
Thickness of a paper 1074
Height of a human 10°
Height of the Mount Everest above sea level 10*
Radius of the Earth 10’
Distance of the Sun from the Earth 101
Size of our galaxy 10
Distance to the boundary of observable Universe 10%

Table 1.2 : Order of the time interval
for various events (only for information)

Table 1.3 : Order of the mass-scale for
different objects (only for information)

Order of i Order of
Event Time ObJeCt Mass-scale (kg)
Etort s Electron 10
; : 24
Life span of most unstable particle 10° Proton 107
Time required for light to
cross a nuclear distance 1= Dust particle 107
Period of atomic vibrations 1018 Mosquito 1075
Period of a sound wave 107 o~ o
Wink of eye 10! i
Time between successive Human 10%
human heart beats 10° Eart} 105
Rotation period of the Earth 10° ;
Revolution period of the Earth 107 Sun 10°
Average human life span 10° Milkyway galaxy 10%
- 17
Age of the Universe 10 Observable Universe 10%
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The scope of physics extends over two basic
and interesting domains : macroscopic to
microscopic. In addition, it covers static and
dynamic systems. Thus physics is asscciated with
time, matter and energy.

Dear students, normal events like an object
falling on the earth under freefall and flight of a
balloon filled with light gas from earth; sinking of
a pin or needle in water while floating of a ship
on water; or the most advanced projects like

Large Hadron Collider (LHC), Intermational
Thermonuclear Experimental Reactor (ITER) and
moon mission attract us toward the study of
physics.

You may be familiar with the names of
internationally famous Indian physicists ; C. V.
Raman, J. C. Bose, M. N. Saha, Homi Bhabha,
S. N. Bose, Vikram Sarabhai, S. Chandrashekhar,
ete. List of some Indian institutes doing research
in the field of physics is given in Table 1.4 for
your information, only.

Table 1.4 : List of some of the Indian Institutes doing Research in the Field of Physics
(only for information)

Name of the Institutes Place
Bhabha Atomic Research Centre (BARC) Mumbai
Physical Research Laboratory (PRL) Ahmedabad
Institute for Plasma Research (IPR) Gandhinagar
Institute of Physics (IOP) Bhuwaneshwar
National Physical Laboratory (NPL) Delhi
Inter University Consortium for Astronomy and
Astrophysics (IUCAA) Pune
Indian Institute of Science (IISc) Bangalore
Raman Research Institute (RRI) Bangalore
Tata Institute of Fundamental Research (TIFR) Mumbai
Centre for Advance Technology (CAT) Indore
Nuclear Science Centre (NSC) Delhi
Indira Gandhi Centre for Atomic Research (IGCAR) Kalpakamm
Saha Institute of Nuclear Physics (SINP) Kolkatta
Regional Research Laboratory (RRL) Bhopal
Inter University Acelerator Centre (IUAC) Delhi
Veriable Energy Cyclotron Centre (VECC) Kolkatta
Vikram Sharabhai Space Centre (VSSC) Banglore
Indian Institute of Astrophysics (ILA) Banglore
Indian Institute of Geomagnetism (11G) Mumbai
Indian Space Research Organization (ISRO) Various places in India
Space Applications Centre (SAC) Various places in India
Indian Institute of Technology (IIT) Various places in India
National Institute of Technology (NIT) Various places in India
Varions Universities Various places in India
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1.3 Physics, Technology and Society

Today, we can reach any corner of the
world within few hours, we can talk to a
person sitting at any corner of the world within
few seconds. While sitting at the home, we
can see live telecast of an event or a game
taking place at other places in the world. We
can take photographs of our solar system and
galaxies. All these become possible because of
physics.

The progress made in transportation
vehicles : bullock cart, bicycle, motor cycle, car,
ship, aeroplane; telegram, telephone, mobile,
satellite phone used in communication; radio, tape
recorder, television used in entertainment and
heaters keroseene stove, gas stove, microwave
oven etc. used in kitchen, have become possible
because of the proper use of laws or theories of
physics in technology.

It is physics which introduced us to radiations
and taught us to accelerate charge particles,
physics gave instruments based on ultrasonic and
optical fibres. Very useful medical technology like
X-1ays, sonography, Electre Cardio Graf (ECG),
Electron Spin Resonance (ESR), Nuclear
Magnetic Resonance (NMR), Endoscopy are also
due to physics.

Instruments like microscope, Electron
Microscope (EM), Atomic Force Microscope
{AFM) have played a vital role in the development
of material technology, nenotechnology and
biotechnology.

You would possibly not be unaware of space
technology, Rocket, missile, space shutile, man-
made satellite, remote sensing, etc. also, are
words in common use. You may have heard about
lasers, radar and microwaves.

Physics has taught us the technique of
achieving very low temperatures which results in
the development of cryogenics. Physics is the
mother of subjects like electronics and
communication, computer technology, and
information technology.

Even after this tremendous development we
are still not in a position to say that we have
fully understood nature. Many problems are still
unresolved for physicists. For example does
universe consist of a single element 7 Are matter

and energy two different aspects of the same
thing ? Is unification of various forces in nature
possible ? What is the future of universe ?

Forced with severals questions like these,
Physicist are attempting to solve two principal
thrusts in physics : unification and reduction.

1.4 Fundamental Forces in Nature

Dear students, if we want to roll a ball on
the ground (surface) then we have to apply force
to give motion to the ball. The ball will stop
after travelling a certain distance since
frictional force is acting on the surface of the
ball. We have to use a force to lift a ball from
the surface. We also feel force when someone
pulls or pushes us. Thus, we experience forces
in day-to-day life in various ways. Starting from
such rudimentary concept of force we will learn
the scientific concept of force,

Isaac Newton was the first physicist who
developed clear concept of force in his famous
laws of motion, In addition, he also discovered
the universal law of gravitation,

In the macroscopic domain, besides
gravitational force, we come across many different
types of forces such as frictional force between
two surfaces, the restoring force arising in a
compressed spring, tension produced in a stretched
string the force of surface tension prevailing in
the free surface of a liquid, the viscous force in
a fluid medium, etc.

In addition to these, force is also generated
because of electrically charged and magnetic
objects. Electric and magnetic forces, nuclear
forces, interatomic and intermolecular forces, etc.
are the examples of the forces prevailing in the
microscopic domain.

At present, it is understood that there exist
only four fundamental forces in nature. Let us
understand them qualitatively.

1.4.1 Gravitational Force

The gravitational force is a universal force
and every object experiences this force due to
every other object in the universe. According to
Newton’s law of gravitation, the mutual
attractive force is directly proportional to the
product of their masses and inversely
proportional to the square of the distance
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between them. The gravitational force is the
force of mutual attraction between any two
objects by virtue of their masses. It is a long
range force and it does not require any
intervening medivm. Compared to other
fundamental forces, gravitational force is the
weakest force of nature. Yet it is important for a
large portion of physical phenomena in the
universe. Because of the gravitational force we
are able to stand on the earth, a ball thrown up
in the air comes down. Even, tides in the sea
are belived due to the gravitational force between
earth and moon. The effect of the gravitational
force cannot be neglected in the phenomena like
motion of the satellites around the earth, motion
of the planets around the sun, formation of
universe, formation and evolution of stars and
galaxies, etc.

1.4.2 Electromagnetic Force

The force acting between charged particles
is known as the electromagnetic force. In the
simple case, when charged particles are at rest,
the force between them is known as static
electric force. The magnitude of the force obeys
Coulomb’s inverse-square law. Thus, the force
between two electric charges is directly
proportional to the product of the two
charges and inversely proportional to the
square of the distance between them. For like
charges the force is repulsive while for unlike
charges the force is attractive.

When charges are in motion, they produce
magnetic effects. This magnetic field gives rise
to a force on the moving charge. The intensity
of the magnetic ficld get changed because of the
motion of the charged particles. The combined
effects of the electric and magnetic fields is, in
general, inseparable. Hence the combined effect
of the force is known as electromagnetic force.
The electrornagnetic force between two objects,
also depends on the medium prevaling between
them. Like the gravitational force, electromagnetic
force is also a long range force and does not
require any medium. It is very strong compared
1o gravitiatonal force. The eleckric force between
two stationary protons, for example, is 10* times
the gravitational force between them, for any
given distance.

The effect of the electromagnetic force is
seen in the lightning in the sky, electric bell, etc.

1.4.3 Strong Nuclear Force

We know that the nucleus is made up of
protons and neutrons. Proton is a positively
charged particle while neutron is a chargeless
particle. If we think as per Coulomb’s law then
repulsive force would act between like charged
particles proton-proton and then the nucleus would
become unstable. This indicates that within the
nucleus there must exist a strong attractive force
to bind the proton and the neutron together. The
charge independent force acting between proton-
proton, proton-neutron and neutron-neutron within
the nucleus is known as strong nuclear force.
This force is 100 times stronger than the
electomagnetic force. As this force exists within

the nucleus, it is a short range (107 m) force.

The strong nuclear force is the strongest of all
fundamental forces.

Neutrons and protons are thought of as being
made of a fundamental particle ‘quark’. Hence,
according to recent research, this force is believed
to be a quark-quark force.

Dear students, please note here that since
the electrons are outside the nucleus, the strong
nuclear force does not act on them,

1.4.4. Weak Nuclear Force

The weak nuclear force appears only in
certain nuclear processes such as the P-decay
of a radioactive nucleus. In B-decay, the nuclevs
emits an electron and an chargeless particle called
neutrino. The weak nuclear force arises due to
the interaction of neutrino with other particles.
This force is stronger than the gravitational force,
but much weaker than the strong nuclear force
and the electromagnetic force. The range of weak
nuclear force is also of the order of 107° m.

1.4.5 Towards Unification of Forces

In table 1.5, the fundamental forces of nature,
their range, and their relative strength, are shown,
Since so many years, physicists are thinking on
a question that - Do all these fundamental forces
arises from a single force ?

Can all the fundamental forces be explained
from the hypothesis of a single force 7

Attempts to explore these ideas have opened
the door towards unification of forces.
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Table 1.5 : Fundamental Forces in Nature

N Relative Ra Operating
fs Strength nge Among
Gravitational Force 1078 Infinite All objects in the
Universe
Weak Nuclear Force 108 Very short Elementary Particles
(within the (neutrino)
nucleus
1071 m)
Electromagnetic Force | 1072 Infinite Charged Particles
Strong Nuclear Force 1 Very short Nucleons (Neutron
(within nucleus and Proton)
107 m)

Newton has unified terrestrial and celestial
domains under a commen law of gravitation.

Oersted and Faraday showed that electric
and magnetic phenomena are, in general,
inseparable.

Maxwell unified electromagnetism and optics
with the discovery that light is an electromagnetic
wave.

Einstein attempted to unify gravitational force

and electromagnetic force but could not succeed
in this.

Glashow, Salam and Weinberg showed that
the weak nuclear force and the electromagnetic
force can be viewed as a different aspects of a
single electro-weak force.

Efforts towards the unification of
fundamental forces are still going on, Table 1.6
highlights the attempts towards unification of
fundamental forces in nature.

Table 1.6 : Progress in Unification of Different Forces (only for information)

Phygicist Year Achivement in Unification
Isaac Newton 1687 Unified celestial and terrestrial mechanics.
Showed that the same laws of motion and the
law of gravitation apply to both the domains.
Hans Christian Oersted | 1820 Electric and magnetic phenomena are inseparable
Michael Faraday 1830 aspects of a Unified domain - electromagnetism.
James Clerk Maxwell 1873 Unified electricity, magnetism and optics by
showing light is an electromagnetic wave.
Sheldon Glashow 1979 Showed that the weak nuclear force and the
Abdus Salam electron agnetic force could be viewed as
Steven Weinberg different aspects of a single electro-weak force.
Carlo Rubia 1984 Experimental verification of the theory of electro-
Simon Vander Meer weak force.
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1.5 Nature of Physical Laws

Dear students, in any physical phencmenon
governed by different forces, several physical
quantities may change with time while some
special physical quantities remain constant with
time. The physical quantities that remain
unchanged with time are called conserved
quantities. In other words conservation of some
physical quantity means that the quantity does not
change with time.

Laws of conservation of energy, charge,
linear momentum and angular momentum are
considered as fundamental laws of physics. The
laws of conservation play an important and basic
role in physics. These laws are as under :

Law of Conservation of Energy :

The amount of total energy in the universe
Temains constant. Energy can neither be created
nor be destroyed; it can just be converted from
one form to the other.

Law of Conservation of Charge :

During any process taking place in an
electrically isolated system, the algebraic sum of
the charges always remains constant.

Law of Conservation of Linear
Momentum :

If the resultant external force on a system
is zero, the total linear momentum of the system
remains constant.

Law of Conservation of Angular
Momentum :

If the resultant external torque acting on a
system is zero, the total angular momentum of
the system remains constant.

In future you will study these laws in
detail. Student friends, in addition to these four
laws we have laws of conservation for spin,
baryon number, strangeness, hyper charge, ¢tc.,
in nuclear and particle physics. We will not
study these over here.

Now the obvious question is which tacit form
of nature is responsible for the existance of such
laws of conservation ?

In Physics, studies is carried out of space
and time. In classical mechanics space and time
are considered independent of each other while
according to the theory of relativity given by
Einstein, space and time are interrelated. Space
is homogeneous and isotropic, as a resule of this,
we have the law of conservation of linear
momentum and the law of conservation of angular
momentum. Likewise, time is also homogeneous
and isotropic. Because of homogenecity of time
we have the law of conservation of energy. But
till today physicists are unable to know, what will
be the possible result due to isotropicity of time.
The great theoretical physicist of 20" century,
Dirac was of the opinion that, the law of
conservation of charge may be due to isotropic
nature of time.

In other words, we know the basic reasons
behind the existence of laws of conservation of
linear momentum, angular momentum and energy.
But the physicists are still putting their efforts to
reveal the underlving mystery of natre in the
laws of conservation of charge.

Dear stdents, the doors are still open for
you to resolve many such interesting unsolved
problems in physics !

SUMMARY

1. The word ‘Bhantik Vigyan’ (used in Hindi / Gujarati) related to the science of
physical world is derived from Sanskrit word ‘Bhautiki’.

2. English word ‘physics’ comes from a Greek word meaning ‘nature’.

3. Physics deals with the stndy of basic laws of nature related to matter, energy
and their manifestation in different phenomena.

4. The scope of the physics is extended on two basic domains : macrescopic to
microscopic. It also deals with static and dynamic systems.

5. The basic laws of physics are universal and apply in widely different contexts

and conditions.

6. The gravitational force, electromagnetic force, strong nuclear force and weak
nuclear force are the four fundamental forces in nature. The attempts towards

the unification of forces are going on.

7. The physical quantity that remains unchanged with time is called conserved quantity.
8. The laws of conservation of energy, charge, linear momentum and angular
momentum are considered as the fundamental laws of physics.
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10.

11.
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EXERCISES

Choose the correct option from the given options :
.. are two fundamental constituents of universe.

(A) Matter and radiation
(C) Molecule and atom
. 18 the fourth state of matter.
(A) Solid
(C) Gas

(B) Heat and light
(D) Electron and proton.

(B) Liquid
(D) Plasma

Nucleus of molecule is made up of which fundamental constituents ?

(A) Electron and proton

(C) Proton and neutron

What is a acronym of ECG ?
(A) Electron cardiogram

(C) Electro cardiograph

What is full form of NMR 7

(A) Neutron Magnetic Resonance
(C) Neutring Magnetic Resonance
What is full form of ESR ?

(A) Electric Spin Resonance

(C) Electron Spin Radar

(B) Electron and neutron
(D) only electron

(B) Electron colour graph
(D) Electric cordiogram

(B) Nuclear Magnetic Resonance
(D) Nuclear Motion Resonance

(B} Electron Spin Resonance
(D) Electric Space Radar

The force exerting between neutron and proton within the nucleus is the

(A) Gravitational force
(C) Strong nuclear force

(B) Electromagnetic force
(D) Weak nuclear force

Which particles are emitted during the B-decay from the nucleus ?

(A) Neutron and proton
(C) Electron and neutron

(B) Electron and proton
(D) Electron and neutrino

Space is isotropic. Which law of conservation is the result of this ?

(A) Law of conservation of energy
(B) Law of conservation of charge

(C) Law of conservation of linear momentum
(D) Law of conservation of angular momentum
Space is homogenous. Which law of conservation is the result of this ?

(A) Law of conservation of energy.
(B) Law of conservation of charge

(C) Law of conservation of linear momentum.
(D) Law of conservation of angular momentum
Time is homogeneous. Which law of conservation is the result of this ?

(A) Law of conservation of energy
(B) Law of conservation of charge

(C) Law of conservation of linear momentum
(D) Law of conservation of angular momentum

The basic reason behind existance of which conservation of law is still not known ?

(A) Law of conservation of energy.
(B) Law of conservation of charge.

(C) Law of conservation of linear momentum.
(D) Law of conservation of angular momentum.
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1. (A) 2. {D) 3. (C) 4. () 5. (B) 6. (B)
7. (C) 8. (D) 9. (D) 10. (C) 11. (A) 12. (B)

Answer the following questions :

O

° ® N W

10.

12.
13.
14.

Which forces are considered as the fundamental forces in nature ?
What is meant by unification of forces ?

Write the law of conservation of energy.

Write the law of conservation of charge.

Write the law of conservation of linear momentum.

Write the law of conservation of angular momentum.

Which are the fundamental laws in physics ?

Which two fundamental forces are different aspects of electroweak interaction ?
What is plasma ?

What is cryogenics ?

Explain gravitational force ?

What is electromagnetic force ?

Explain strong nuclear force ?

What i1s weak nuclear force ?
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2.1 Imtroduction

We observe many phenomena occurring in onr surounding;
some are natural and some are man-made. To describe any
phenomenon, measurement of different physical quantities
associated with it are essential. Let us consider a fruit falling
from a tree. To understand this natural phenomenon, we should
know, from which height does the fruit fall ? How much time
does it take to reach the ground ? What is the speed of fall of
the fruit ? To answer all these guestions, we need to measure
physical quantities like distance, time, mass etc. accurately. For
measurement of any physical quantity, we require to decide
their appropriate units. In this chapter, we shall study how the
physical quantitics arc measured and how different units are
defined. We shall also learn the different types of errors
associated in the measurement of physical quantities.

2.2 What should be the Unit of a Physical Quantity ?

The standard measure of any quantity is called a unit
of that physical quantity.

(1) The measure of a unit should be definite and
unambiguous.

(2) The unit should be such that its measure should not
change and if a unit is defined with the help of some phenomenon,
that phenomenon must be permanent.

(3) The prototype (replica) of a unit should be easily
reproducible and easily available.

2.3 Units of Physical Quantities and Systems of Units

Although the number of physical quantities is very large,
we nced only a minimom limited number of physical
quantities for which units should be the units of all other
quantities can be expressed defined and with their help of them.
These minimum physical quantities are known as fundamental
guantities and their units are called fundamental or base
units. The other physical guantities can be expressed as a
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combination of fundamental guantities. Such
physical quantities are called derived physical
guantities and their units are called derived
units. Different systems of units have come into
existence at different places and times. These
systems are as under :

(1) (FPS) system {British System) (foot,
pound, second system)

(2) CGS system (centimetre, gram, second
system}

(3) MKS system (metre, kilogram, second

{4) MKSA system (metre, kilogram, second,
ampere system)

(5} SI system. (seven base units)
2.4 SISystem of Units (Systeme Internationale)

The International System of units was
accepted in 1971 by the 14¥ General conference
on Weights and Measures under the leadership
of International Bureau of Weights and Measures,
located at Paris in France. Seven quantities are
accepted as fundamental quantities. These
fundamental quantities, their units, symbols and

system}

definition are shown in Table 2.1.

Table 2.1 : SI Units

Definition

The metre is the length of the path travelled by light in
vacuum during a time interval of 1/299,792,458 of a second.

The kilogram is equal to the mass of the international
prototype of the kilogram (a platinum-iridium alloy
cylinder) kept at international Bureaw of Weights and
Measures, at Sevres, near Paris, France. (1889)

The second is the duration of 9,192,631,770 periods of the
radiation corresponding to the transition between the two
hyperfine levels of the ground state of the cesium-133 atom.

The ampere is that constant current which, if maintained
in two straight parallel conductors of infinite length, of
negligible circular cross-section, and placed 1 metre apart
in vacuum, would produce between these conductors a
force equal to 2 X 1077 newton per metre of length (1948)

The kelvin, is the fraction 1/273.16 of the thermodynamic
temperature of the triple point of water. (1967)

The mole is the amount of substance of a system, which
contains as many clementary entities as there are atoms
in 0.012 kilogram of carbon - 12. (1971)

The candela is the luminous intensity, in a given
direciion, of a source that emifs monochromatic radiation
of frequency 540 x 10'? hertz and that has a radiant intensity
in that direction of 1/683 watt per steradian. (1979)

e Name Symbol
quantity ¥
Length metre m
(1983}
Mass kilogram kg
Time second 5
(1967)
Electric ampere A
current
Thermo kelvin K
dynamic
Temperature
Amount of mole mol
substance
Luminous candela cd
intensity
Note : (1)

)

The definitions given in above table are only for information.
When mole is used, the elementary entities must be specified. For
example, mol of atoms, mol of molecules, mol of ions or mol of electrons.
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2.4.1 Derived Units

All the other units of different physical
quantities can be expressed as a combination of
these seven base (fundamental) units of SI
system. Such units are called derived units,

For example, SI unit of acceleration,

Unit of displacement
(Unit of time)Z

unit of work = (unit of force) X (unit of

displacement)

ke m
2 X{m) = kgmzs'2

5

2.4.2 Supplementary Units

Supplementary physical quantities, their
units and symbols in the SI system are shown
in Table 2.2.

Table 2.2 : Supplementary Units

SI
unit

Supplementary

L Physical quantity

Symbol

Explanation

Plane angle (9) radian rad

The ratio of length of arc to the radius
r of a circle is called plane angle (8).
AB

r

_arc

tadius

(see figure 2.1) one radian is defined
as the angle subtended by an arc
whose length is equal to the radius.

(° = Hgo )

Solid angle (£2) Steradian Sr

The ratio of the intercepted area of
the spherical surface described about
the apex O as the centre to the square
of radius r is called sclid angle. (see
fig. 2.1 (b)).

Area (AA)

AA
(radius)®?

r2

Q =

when AA = 1m?, r = Im
then £ = 1steradian

»

(a) Plane angle

(b) Solid angle

Figure 2.1

2.4.3 Practical norms for the use of SI
system

(1) Unit of every physical quantity should be
represented according to its symbol.

(2) No full stop should be used within or at

the end of the symbol of a unit. For example,
for kilogram, kg should be written instead of kg.
or kg
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(3) Symbels for units do not take plural form,
For example m is used to denote many meters also.

(4) The units of physical quantities in numera-
tor and denominator should be written as one ratio
only. For example the SI unit of acceleration
should be written either as m/s* or m s‘g; but
not as m/s/s.

(53) Full name of a umnit, when it is named
after a scientist, is not written with a capital letter;
but the symbol for that nnit has a capital letter.
For example, the unit of force should be written
as newton but in symbol it is written as N. The
unit of pressure is pascal in symbol it is written
as Pa.

2.5 Measurement of Length

You are already familiar with some direct
methods for the measurement of length. For
example, a metre scale is used for measuring
lengths from 107> m to 107 m. A vernier callipers
is used for measuring lengths to an accuracy of
10 m. A screw gauge and a spherometer can
be used to measure lengths down to 107> m.

To measure the lengths beyond these ranges,
and for astronomical distances, we make use of
some indirect methods. Now, we shall study a
few such methods.

2.5.1 Measurement of large distances :
Parallax Method

Large distances such as the distance of a
planet or a star from the Earth can be measured
with the help of parallax method.

To measure the distance D of a far away
planet, we observe it from two different positions
(observatories) A and B on the Earth and fix
the directions of observations with respect to
distant stars.

Figure 2.2

For example, observing a planet P simul-
taneously from two points A and B, situated
diametrically opposite on Earth, we get two
directions of observations AP and BP.

Since the distance of a planet from the Earth
is very large compared to the diameter of the
Earth angle 6 will be very small (angle O is called
parallax angle). According to the definition of
angle in radian,

arc AB

®= Tadius = AP

__ distance between two places of observations, b
—  distance of the planet from the Earth, D

_b
=5 2.5.1)

IMlustration 1 : The Moon is observed
from two diametrically opposite points A and
B on the Earth. The angle subtended at the
Moon by the two directions of observations is
1°54’. Given the diameter of Earth to be about
1.276 X 1071]1, compute the distance of the
Mocn from the Earth.

Solution : D = %
0 = 1°54" = 60’ + 54’ = 114’

114’

= G0 degree

U4 n

=60 X 1g¢ ™

0 =332 x 102 rad
b =1276%10"m
1,276 x 107
3.32 x 1072
= 3.84 ¥ 10°m

2.5.2 Measurement of the size of a
planet or a star Planet

If d is the diameter of a
planet, the angle subtended by
the diameter of the planet at any
peint on Earth is called the
angular diameter of the planet.
The angle O can be determined

o
from any given location on Earth
by viewing the diametrically
opposite points of the planet m
thro tel .
ugh a telescope Figure 2.3
o= % {in rad) (2.5.2)

* Footnote : 1° (degree) = 60" (minute)
= 3600" (second)
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If the distance D of that planet from the
Earth is known, the diameter d of the planet can
be determined using equation. (2.5.2)

In practice the angle ¢ is very small.

Illustration 2 : The Sun’s angular
diameter is measured to be 1920 as the
distance D of the Sun from the Earth is 1.496

% 10! m, What is the diameter of the Sun ?
(17 = 4.85 X 1075 rad)

Solution : o = 19207, D = 1.496 x 10'! m

Using the formula o = %,

d =aD
(1920) (4.85) (107%) (1.496 x 10'1)
1393 x 10° m

2.5.3 Measurement of very small
distances, size of molecule

To measure very small distances like the size
of a molecule (10°% m to 107" m), we cannot
use a vernier callipers or micrometre screw gange
or similar instruments. We have to adopt special
methods. An optical microscope uses visible light.
For v151b1e light the range of wavelength is from
4000 A to 7000 A (1A = 107 m). Hence
an optical microscope cannot gesolve particles
with sizes smaller than 4000 A . The electron

microscope, uses electron beam instead of visible
light. An electron microscope has resolution of
/]

0.6 A. It can almost resolve atoms and

melecules in a material. (Here, you will be
surprised to know that, in electron microscope,
electron behaves like a wave, instead of a
particle.) In recent times, tunneling microscope
has been developed during study of
nanotechnology. This has very high resolution
needed to estimate the sizes of molecules.

One of the methods of finding the size of a
molecule is the method of monomolecular layer.

In this method, the thickness of a molecular layer
is measured to determine the size of a molecule.
For example, the thickness of a layer of steric
acid cannot be less than a certain definite value.
If we assume that the film has one molecular
thickness, this becomes the size or diameter of a
molecule.

In physics we deal with very small distances
as well as with very large distances. e. g. the

size of nucleus of the order of 107m and size

of galaxy is of the order of 10°'m. Therefore,
we defined special units of length for short and
large distances. These are,

1 fermi = 1 fm = 107" m
[ ]
1 angsttom = 1A = 10"%m

1 astronomical unit = 1 AU = 1496 X 10''m
(Average distance of the Sun from the Earth
is called 1 AU.)

1 light year = 1 ly = 9.46 X 10"° m
1 parsec = 3.08 x 10"
A parsec (pc) is the distance at which

1 AU would subtend on angle of exactly
1 second of arc.

1pe
<3<I 1AU
pc
Figure 2.4

! 1 AU
6 1
11
_ La6x 10 = 3.08 X 10%m
60 x 60X 180

~1lpc =3.08 % 10"%m
2.6 Measurement of Mass

The amount of matter in the substance is
called mass. Since mass is a internal property of
matter, it does not depend on external
circumstances like temprature and pressure.

The measurement of mass can be done with
the help of a simple balance. In this method, the
gravitational force on a given object is compared
with the gravitational force on some standard
object. Remember that the mass playing role in
gravitational force (mg) is called gravitational
mass. Hence, the mass determined with the help
of a simple balance is gravitational mass. The
gravitational mass of an object is the same at all
places on Earth.

The gravitational force (mg) on an object, of
mass m, is called the weight of the object. Hence
we can say that the weight of a body at any
place depends on the value of gravitational
acceleration of that place. For example, the
weight of a body on Moon would be different
than that on the Earth,
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While dealing with atoms and molecules,
the kilogram is an inconvenient unit. Therefore,

their mass is measured in ‘atomic mass unit’
th

called amu. The L mass of an unexcited

12

atom of C1? is called 1 amu, 1 amu = 1.66 X

1077 kg. It can also be represented as l1u. In
physics we come across very wide range of

masses from 1070 kg to 105 kg,

Large masses like planets, stars etc. can be
determined from Newton's law of gravitation. For
measurement of small masses (like atomic
particles/atom) we make use of mass
spectrograph. (In this method, radius of the
trajectory of a charge particle in electric field or
magnetic field is proportional to the mass of the
charge particle.)

2.7 Measurement of Time

In the early days, time was measured from
the length of shadows of objects cast by sunlight.
After the invention of the pendulum there is much
developement has taken place in the
measurement of time. To measure any time
interval we need a clock. In order to meet the
need for a better standard for time, atomic clocks
have been developed. For the measurement of
small time intervals, camera, multiflash
photography etc. are being used.

2.8 Accuracy and Precision in Measurement

First of all, we shall distinguish between two
terms @ accuracy and precision. The accuracy
of a measurement is a measure of how close
the measured value is to the true value of
the quantity. Precision tells us to what
resolution or limit the quantity is measured.

For example, your digital watch that shows
the time as 10 : 11 : 12 AM is very precise
because it has least count of 1 second. On other
hand, a grand father clock has no second hand
and it gives the time as 10 ; 13 AM. The least
count of watch is 1 minute which means that it
is less precise. If the digital watch runs several
minutes slow, then time measured with this
watch has no accuracy but it is precise. If the
grand father watch shows the correct time then
time measured with this watch has high accuracy
but less precision. Physical quantity should be

measured with high accuracy and high precision.
Precision depend upon the least count of
instrument. Radius of a sphere measured with
micrometer screw gauge will be more precise
than measared with vemiar callipers.

In the measurement of a physical quantity
with accuracy.

(1) Skill of the persen doing the experiment
(2) Quality of the instrument used
(3) The Method used for measurement

(4) External and internal factors affecting the
result of the experiment.

2.9 Errors in Measurement

When different physical quantities are
measured in a laboratory with the help of
different apparatus, there would be some
inaccuracies in the measurement which must
be mentioned along with the result. The
inaccuracy in measurement is called error.

In physics, the errors in measurement can
be broadly classified as :

(1) Systematic error
(2) Random error.

(1) Systematic Error : Systematic errors
are those errors that tend to be in one direction,
cither positive or negative. Such errors cannot
be both, positive and negative simultaneously.
Some of the sources of systematic errors are as
follow :

(a) Imstrumental Error : This type of
errors arise dve to imperfect design or improper
calibration of the measuring instrument. For
c¢xample, when no object is suspended from a
spring balance, its pointer shows 0.lg instead
of zero. Then all the measurements of more
than true wieght will systematically contain this
error during experiment.

(b) Error due to Imperfection in
Experimental Technique or Procedure : For
example, while measuring the temperature of a
human body, any improper contact of
thermometer with the body would produce an
emror in the measurement. Extemal factors like
temperatare, pressure humidity can produce
systematic error in measurement.

(c) Personal Error : Such an error arises
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arises due to an individual’s bias, carelessness
in taking observations or improper setting of the
apparatus of the experiment.

Systematic errors can be minimised by
improving experimental techniques, selecting high
quality instruments and removing personal bias.

(2) Random Errors : The random ermors
are those errors, which arise dve to irregular
and unpredictable fluctnations in the factors
affecting the measurement during experiment.

These types of errors can be both positive
and negative. Such errors can be estimated by
taking many observations and then taking their
mean {average).

2.9.1 Estimation of Errors :

(1) Absolute Error and Average Absolute
Error : The magnitude of the difference
between an individual measurement and the
true value of the quantity is called the ahsolute
error of the measurement.

If we do not know the true value, then the
average value of measwrement is considered as
true value.

Suppose the wvalues obtained in several
measurement of physical quantity a are ¢, a,,

s @ If their arithmetic mean is @, then

i=1
The absolute error in individual measarement
will be,

Aa1= a-—a
A\.«.;!2=::1—a2
Aa = a-a
n n

Here, Aa,, Aq,.... Aa_ are called absolute
errors in individual measurement which can be
either positive or negative. The arithmetics mean
average of absolute error is called average
absolute error.

lAg, 1+ 1Aa, | + ... +1Aq, |
Aa_=Aa1+M2+ +1Aaq,

n

or

- 1 &
Ag = Eiél |Aa,|

Thus, the measure of any physical
quantity can represented as :

a =a+ Aa

This implies that any measurement of
physical quantity a is likely to lie between,

@ + Aa) and (@ — Ag)

(2) Relative or Fractional Error : The
relative error (0@) is the ratio of the mean
absolute error A@ to the mean value @ of the
quantity measured.

Aa

s Ba= =

(3) Percentage Error : When the relative
error is expressed as a percent age it is called
percentage error.

Percentage error = da X 100 %

= @ ¥ 100 %
a

Illustration 3 In an experiment,
refractive index of glass was observed to be
1-54, 1-53, 1.44, 1.54, 1.56 and 1.45. Calculate
{1) Average absolute error (2) relative error
and (3) percentage error. Express the result
in terms of absolute error and percentage
€II0T,

Solution :

(1) Mean refractive index,

S 1S4+15341.444 1544156 +1.45
= 6

= 131
Here, an accuracy of two digit after decimal

point has been considered. Now the absolute
error for each observation will be as follow.

An =151 - 1-54 =—003| An, = 1-51 — 154 =—003
An,=151-153=—002| An, =151 - 156=—005
An=151—144=4007| An =151 — 145=1006

To calculate mean absoclute error we take
only magnitudes.

|Ary | + 1A, | + ... + 1A
6

An =

_ |-003] +| <002+ +007 |+] =603 |+| 005 |+ +0-06 |
- 6

_ 0-26
An = < = 0043 = 004
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Refractive index of glass with absolute

error, # = 151 + 0:04 i.e. the value of
refractive index is between 1.51 and 1.47

An
(2) Relative error = ? = %
= 002649 = 0-03

(3) Percentage error = 0-03 x 100 = 3%
Refractive index of glass with percentage
error n = 1-55 4+ 3%
2.9.2 Combination of Errors
When we do an experiment involving
several measurements, we must know how the
errors in all the measurements combine. For
example, in an experiment to determine the
density of any substance, we measure the
mass and volume of the substance and there
would be errors in each of these two
measurements. Then we must know what the
error will be in the density of the substance.
(1) Errors in Sum and in Difference :
Suppose two physical quantities A and B have
measured values. A + AA and B + AB
respectively, where AA and AB are their
absolute errors. We wish to find the absolute
error AZ in the sum
We have by addition, Z = A + B
. Z+ AZ=(A+ AA) + (B + AB)
= (A + B) + (AA + AB)
. The maximum possible absolute error in
Z AZ = AA + AB
For the difference,
Z = A — B, we have
. Z + AZ= (A + AA) - (B + AB)
=A-B)+ AA T AB
+AZ=+ AA T AB
Here, there are four possible values
(+ AA — AB), (+ AA + AB), (— AA — AB),
{(— AA + AB) in which (+ AA + AB) is the
maximum value, thus, the maximum value of
absolute error in Z is again AA + AB.

Hence the rule : When two quantities
are added or subtracted, the absolute
error in the final result is the sum of the
absolute individual
gquantities.

errors in the

Ilustration 4 : Two resistors of Rl =

100 + 3Q and R2 = 200 + 42 are connected

in series. Find the maximum absolute error in
the equivalent resistance of the combination.
Express equivalent resistance with percentage
SITOT.

Solution :

R + AR

R, + R,
= (100 + 3) + (200 + 4)
= 300 + 70

.. Maximum absolute error = 702

Now, percentage error = % x 100

R
= 3go X 100

=23 %

Equivalent resistance with percentage
error R =300 + 2.3 %

(2) Errors in product and in division :

Suppose Z = AB and the measured values
of A and B are A + AA and B + AB. Then

Z+AZ=(A+ AA) (B + AB)
= AB + AAB + BAA + AAAB

Dividing LHS by Z and RHS by AB we
have,

L AZ AA . AB . AA AB

! T W T N

Since % and % are very small, we

shall ignore their product. Hence, the maximum
fractional error in Z is

AZ _ AA | AB
Z A B

You can easily verify that this is true for
division also.

Hence the rule : When two quantities
are multiplied or divided, the maximum
relative or fractional error in the result is
the sum of the fractional errors in each
quantity.
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IMustration 5 : In an experiment to om0 Am
determine density of an object mass and Solution : m * 100 = 0.26 %:
volume are recorded as, m = (3 + 0-12) kg Ar
and V = (10 + 1) m® respectively. Calculate & X 100 =038 %
fractional error and percentage error in
Density of sphere p = n-
mesurement of density. (p = %) ty p A’ 4 r
3
. m
Solution : p = <3
v
». Error in density 4p ==-‘%gE 4+ 382
Fractional emor in density 2 = A7 4 AV P
ractional error in density "p~ = —-~ v
_ 012 1
=73 T 1o
= 0.14

Percentage error = (.14 X 100 = 14 %

(3) Error due to the power (index) of a
measure quantity :

Suppose Z = A’ = A

Then, %

- A
AA
t A

AA
A
AA

27A

Hence, the fractional error in Z = A? is
two times the fractional error in A.

Same way, if Z = A" than

AZ _ AA
Z A

PRY
ll:lgerwra],ifZ:AC—],,3
AZ AA

Az _ AA | AB | AC
z “Pa t9R tTC

Note : The quantity in the formula which
has large power is responsible for maximum
error. Therefore it should be measured with
greater accuracy.

Tlustration 6 : In an experiment to
determine the density of a sphere, the
percentage error in measurement of mass is
0.26 % and percentage error in measurement
of radius is (.38 %. What will be percentage

error in the defermination of its density ?

Percentage error = 0.26 % + 3 (0.38 %)

in density
=140 %

Hlustration 7 : If the formula for a
hysical ity is W 2 d if
f1 = L
physical quantity is W and 1

percentage errors in the measurement of «,

b, ¢ and d are 1%, 3%, 3% and 4%
respectively. Calculate percentage error in
W.

o A3
Solution : W =C%J(?
Percentage error in W,
AW _,Aa A 1A 1Ad
w-4%a t3% t3T T2

=41 % + 33 %)

1 1
+ 3(3%) + 5 4 %)
= 16 %

Illustration 8 : The period of oscillation
of a simple pendulum is given by,

1
T—ZEJ;

The length ! of the pendulum is about
10cm and is known to 1mm accuracy, The
period of oscillation is about 0.5s. The time
of 100 oscillations is measured with a watch
of 1s resolution. Calculate percentage error
in measurement of g,

i
Solution : T = ZT:J; T2 = An7l

an?

or, =
£ T2
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=7 t?iT

Now, Al = Tmm = 0.lcm, { = 10cm

Total time £ = nT = 0.5 X 100 = 50 s and
AM=1s

Ag Al AT
g

Now, T = L and AT = Ar hence,
n n
AT _ A
T —
Lh M N
g { t
Az 01 1
I =E+2x%=0.05

Percentage error in measurement of
g=005%x100 =35 %

2.10 Significant Figures

The accuracy of every measurement has
some limitation depending on the least count of
the instrument used. For example, time measured
with the help of a watch having a second hand
can measure the time up to accuracy of 1
second.

Suppose you are measuring the length of a
pencil. Keep one end of the pencil on the zero
scale of mewe and suppose its other end lies
between 12.3cm and 12.4cm. The least count
of metre scale is 0.1cm. Therefore it does not
have any marking between 12.3cm and 12.4em.
Hence we estimate the length as 12.38cm.
Here we are centain about digit 1, 2 and 3 but
are uncertain for the last digit 8.

The number of digit in a measurement
about which we are certain plus one additional
digit which is uncertain are known as significant
figures.

In the above example, 12.38cm has four
significant digits 1, 2, 3 and 8.

The larger the nnmber of significant figures
obtained in a measurement, the greater is the
accuracy of measurement. The number of
significant digits depends upon the least count
of the instrument being used for a measurement.
For exmaple, the radivs of the rod measured
with vemier callipers is » = 0.25¢cm. For the

same rod the radius measured with micrometre
screw gauge should be 0.254cm. In the first
case, there are two significant digit (2 and 5).
While in second case the number of significant
digits are three (2, 5§ and 4), which shows that
the second measurement is more precise.

In mathematics, all the numbers are definite
figures. The question of significance arises only
when number represents the measured value of
a physical quantity.

2.10.1 Rules for Determining Number

of Significant Figures :

(1) All the non—zero digits are significant.
For example, in measurement of mass 125.63g,
there are five significant digits which are 1, 2,
5, 6 and 3.

(2) All the zeros between two non—zero
digits are significant, no matter where the decimal
point is, if at all.

¢.g. in 125.004cm there are six significant
figures.

(3) If the number is less than 1, the
zero (s) on the right of decimal point but to the
left of the first non—zero digit are not significant.
e.g., In 0.001507, the underline zeros are not
significant, There are four significant figures in
this number.

(4) In a number without decimal point, the
zeros on the right side of the last non—zero
digit are not significant.

e.g. 132m = 13200cm = 132000mm has
three (1, 3 and 2) significant digits. Here there
is no change in the number of significant digits
because the zeros after decimal point indicate
the positon value only. Thus by changing the
units even if number of zero increases but the
number of significant digits does not change.

(5) The trailing zero (s) in a number with
a decimal point are significant.

eg 7900 and 0.0 7 9 0 0 have four
significant figures each.

Mustration 9 : Write down the number
of significant figures/digits in the following :

(1) 0.003 m?

(2) 0.1570 g cm™

(3) 2.64 x 10™ kg

(4) 7.550 ]

(5) 6032 N m™?

(6) 3012 X 10 m?
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Solution :

(1) 0.003 m® has only one significant
figure (3).

(2) 0.1570 g em™ has four significant
figures. (1, 5 ,7 and 0)

(3) 264 x 10# kg has three significant
figures. (2, 6 and 4)

(4) 7.590 J has four significant figures.
7,5, 9 and 0}

(5) 6.032 N m has four significant figures.
6, 0, 3 and 2)

(6) 3.012 x 10~ m* has four significant
figures. (3, 0, 1 and 2)

2.10.2 Significant Figures in Addition,
Subtraction, Multiplication and
Division
Any physics experiment involves a series
of measurement and each of these measurement
is made upto a certain degree of accuracy.
The number of the significant figures depend
upon the least count of the measuring instrument.
Suppose the resistance of different resistors are
measured using meter (ohm meter) of different
least count are :

R, = 5.67Q, R, = 12.345Q and

R, = 070
Here, total resistance would be,

R =13567Q + 12.345Q + 0.7Q = 18715Q

Now, the questions is, are we justified in
carrying out sum like this ? In the measurement
of R, (=5.67Q) we do not have the information
about the third digits after decimal point. In the

measurement of R3 we do not have information
about second and third digits after decimal
point, it has only one digit after the decimal
point. This shows that precision in the
measurement of R, less than other two resistors.
Therefore, in the sum (i.e, 18, 7150) second
and third digits become insignificant and answer
should be expressed to one decimal place, as
18.7Q2 only.

Thus, any result with more than one
insignificant or uncertain digit should be
rounded off up to the correct number of
significant digits. For this purpose the following
tales should be observed :

(1) If the insignificant digit to be dropped
is less than 5, then the preceding digit is left
unchanged. For example, ! = 10,743 cm is
rounded off up to three significant digit as
10.7 em,

(2) If the digit to be dropped is more than
5, then the preceding digit is increased by 1.

For example, { = 1068 c¢cm = 10.7cm
(Rounded off up to three significant digit)

(3) If the digit to he dropped is 5 then the
preceding digit is increased by one if it is odd
and is left unchanged if it is even.

eg. ! = 1045 em = 104 cm and

[ =1055 cm = 10.6 cm

Addition and Subtraction : The following
points should be observed while carrying out
the addition / subtraction of two significant
numbers

(1) If all the numbers are integers, the
summation or subtraction should be carried out
in a normal way,

(2) In addition or subtraction, the final
result should retain as many decimal places as
are there in number with the least decimal
places. In above example, the resistance R, = 0.742
has only one significant digit after decimal
place. The total resistance R = 18.715€2 should
therefore be rounded off to R = 13.7Q

In any
measurement the last digit is uncertain.
Multiplication of any number with least significant
digit is also insignificant. But the final result
should contain only one insignificant digit.
Therefore, the following points should be
observed while carrying out the multiplication /
division.

Multiplication and Divisions

(1) In multiplication or in division, the final
result should retain as many significant as are
there in the original number with the least
significant.

For example : (i) Suppose the length and
breadth of a rectangular plate is 2.613 cm and
1.2 ¢m respectively.

Hence, area of the plate = 2.613 cm X
1.2 em = 3.1356 cm?

But 1.2 cm is the least significant number
which has only two significant figures. Therefore
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the area (= 3.1356 cmz) should be represented
by a number with two significant digit.

Hence, 2613 cm X 1.2 cm = 3.1 cm?

(ii) Svppose, the mass of an object is
m = 3523 g and volume is V = 147 cm’.

3.523¢g

The density of an object p = 1 4'1'cm3

= 24296552 = 243 g cm™

Here, the density is respresented with three
significant figures because the measurement of
volume has three significant figures.

(2) When two numbers are to be
multiplied / divided and out of them which is
not a measurement is a definite number, the
integers and fraction that occurs in general in
physics equations are definite number.

eg In equaton * - 1.’02 = 2ad the
coefficient 2 is exactly 2 and it has infinite
number of significant figures (2.000........). In
such cases we should not consider the significant
figures of definite numbers,

Ilusiration 10 : The diameter of a
sphere is 4.24 cm. Calculate the surface
area of the sphere to the comeci number of
significant figures.

Solution : Diameter D = 4.24 cm
Surface area of sphere

2
= 4RR? = 41:(%]

2
=4 x 3.14 x (%]

= 56478 cm®
= 56.5 cm?

(In the above equation 4 and 2 are definite
number. We do not consider them and measwre
of D has three significant figures. So the
answer is rounded to three significant figures.)

2.11 Dimensions and Dimensional Formulae

Any physical quantity (derived quantity) can
be expressed in terms of some combination of
seven fundamental or base quantities. For
convenience the base quantities are represented
by a letter symbol. Generally, mass is denoted
by ‘M’, length by ‘L’, time by ‘T’ and electric

current by ‘A’. The thermodynamic temperature
the amount of substance and the luminous
intensity are denoted by the symbols ‘K’, ‘mol’
and ‘cd’ respectively. When a physical quantity
is expressed with appropriate powers (or
exponents) of M, L, T, K, A ... then such an
expression for physical quantity is called the
dimensional formula. The power or exponents
of M, L, T, ... are called dimensions of that
quantity. The dimensional formula of physical
quantity is expressed by square brackets [ ]
along with the symbol of a physical quantity.

For example, (i} the dimensional formula of
velocity can be obtained as follows :

displacement

Velocity = time

Dimension of length
Dimension of Time

L [v] =

=M L' T

Here, M® L' T! is dimensional formula of
velocity. The dimensions of velocity are 0 in
mass, 1 in length and —1 in time.

(il) Dimensions of kinetic energy can be
obtained as follows :

K = %m‘.’2

K] = [m] [v]*

1 ..
(Herc,z is a number and it is

dimensionless)
= (M) (M® L' T2
K] = M' L T2

Dimensional formule of some physical
quantities are given in Table 2.3.
2.11.1 Dimensional Analysis

The method of obtaining the solutions to
some several problems in physics by using the
formula is called dimensional amalysis.

Uses of Dimensional Analysis :

(a) To obtain the relation between the units
of some physical quantity in two different
systems of units.
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(b) To check the dimensional consistency
of an equation connecting different physical
quantities.

{c) To derive an equation for a physical
quantity in terms of other (related) physical
quantities.

(a) To obtain the relation between the
units of a physical quantity in two different
systems of units :

The unit of work in MKS system is joule
(J) and that in CGS system is erg. The relation
between joule and erg cam be obtained as
follows :

Dimensional formula for work :

(W) = M! 1.2 T2

In MKS system In CGS system

Mkg) = 10° M (®

L (m) = 10 L (cm)

T () = 10° T (s)
MIL2T2 = (1°M)' (102L)? (10°T)2

10°MY 10¢ L% (T
=10’ M' L T

So, MKS Unit of work = 107 X CGS unit
of work,

. 1 joule = 107 erg

(b) To verify the dimensional consis-
tency of am equation connecting different
physical quantities :

In any equation relating different physical
quantities, if the dimensions of terms on both
sides are same then that equation is said to be
consistent dimensionally.

For exmaple, the centripetal force acting
on an object in uniform circular motion is
given by,

2
F = % where, m = mass of the abject,

v = velocity of the object and
r = radius of the circular path.

Now, we will check the dimensional
consistency of this equation,

For left side of the equation
[F] — Ml Ll T—2

For the term on right side of equation,

2
[m" ] _ ImvP?
r r

halt1y2
aly

MHTPT2)
ah
= MILIT—2

2
Thus, [F] = [&}

r

Since the dimensions of LHS and RHS
are same, the given equation is dimensionally
correct.

Note : If an equation has constants
which are dimemsionless, it can not be
verified with dimengsion analysis.

(¢) To obtain the equation for a
physical quantity in terms of an other
physical quantities :

Suppose we want to obtain the expression
for the periodic time of a simple pendulum,.
The periodic time (T) of simple pendulum
depends on the length ({) of the pendulum, the
mass (m) of the bob and gravitational
acceleration (g).

Suppose, periodic time T o<

3

]
&

C

H
o

T o m® PP g
'.T=k?nalbgc

where, k is constant of proportionality and it is
dimensionless, a, b, c € R

Writing the dimensional formula for both
the sides of equation (2.11.1)

ML) =M @Y (MOLIT 3¢
=M% (L% MLT%)
MOLOT! =M= LP * e T

Comparing the dimensions of corresponding
quantities on both the sides, we get

2.11.1)
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a=10 L o= -

b=

b+c=0 sob

—2c =1
Substituting these values of @, b and ¢ in
equation (2.11.1)

T = k]nol% g-%

I
T = kJ&
or g

The value of &k is obtained experimentally
and it is 27 Hence,

oamT

which is the formula for periedic time of a
simple pendulum.

2.11.2 Limitations of dimensional
analysis

(1) In any dimensional formula containing
M, L and T, we get at the most three equations
by equating power of M, L and T. Hence
dimensional analysis cannot be used to derive
the exact forom of a physical relation if a
physical quantity depends vpon more than three
physical quantities.

(2) Information about dimensionless constant

(2.11.2)

i
cannot be obtained. e;g. In T = kﬁ, the

value of k = 21 can be obtained with the help
of experiment.

(3) Dimensional analysis can not be used
to derive relations involving trigonometrical,
exponential and logarithmic functions. Such
functions are dimensionless. For example, in
sino) and e** functions @f and kx are
dimensionless respectively.

(4) This method is not useful if a constant
of proportionality is not dimensionless. For

example, in the equation F = Gm:‘—TQ, G has
a unit of N m? kg‘z. Such equations can not
be obtained by dimensional analysis.
Nlustration 11 : If the velocity of light
is taken as the unit of velocity and year as
the unit of time, then find the unit of distance.
(velocity of light = 3 X 10® m s

Solution :
Distance = velocity X time

Unit of distance = unit of velocity X unit
of time

=3 % 10°m s)x (1 year)
=B x 108m s x
(365.25 x 24 X 3600s)
= 9468 x 10° m
This unit of distance is called light year.

IMlustration 12 : Tn a new system, the
unit of length, mass and time are chosen to
be 10cm, 10g and 0.1s respectively. What
will be the new unit of force in newton in
this system ?

Solution :

Dimensional formula of force [F]
= MILIT=

Unit of force in new sysiem

= |(10g)! (10cm)! (0.15)72
(107%kg)' (107'm)! (10%7%)

10'kg m s

0.1 newton

Illustration 13 : When a metallic rod
through which heat is being conductivity
conducting heat through it is in thermal steady
state, the amount of heat passing through it
FACT, - T,

L
where k = thermal conductivity of the material
of the rod, A = cross sectional area of the
rod, T, and T, are the temperatures of hot
and cold ends, respectively, of the rod, t =
time and I, = lengh of the rod. Qbtain the
dimensional formula for %.

in time t is given by Q =

Solution :
EA(T, - T, »
L

QL
“ k= AT, - T M

Q=

where, heat energy, [Q] = ML T2
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length, [L] = L!
area, [A] = L?
difference of temperature,
(T, - T) = [AT] = K
time, [] = T

Note that here we have included K (for
temperature) along with M, L and T. Substitting
these dimensional formula in equation (1), we
get,

M'LTL
L’K'T
Note : In some books © is used in place
of K.

(k] = = M'L'T?K!

Nlustration 14 : Obtain the dimensional
formula of the following physical quantities :

(i) electric charge (Q), (ii) potential
difference (V), (iii) capacitance (C) ,
(iv) resistance {R).

The formulas connecting these physical
quantities are as follows :

Q=1It W=Vt Q =CV, V=IR,

where 1 = electric current, f = time,
W = energy.
Solution :
i Q=1I
s [Ql = M'LPA!T!

Where A is the symbol for ampere.

(ii) W = VI

. _ MDPT? s
-V = T = MIL’T%A
G) Q =CV
_Q_ _Ir
C =V Wit
P & _ AT
. C -_ w : [C] - MILZT_Z
s [C] = MILT4A?
(iv) vV = IR
W
LR =Y _WE _Z

M'LIT?
AT!
. [R] = M'LZT3A2

= [R] =

INustration 15 : By taking velocity,
time and force as base gquantities, obtain the
dimensional forimula of mass.

Solution :

Use the symbols F for force, T for time
and v for velocity

Force = mass X acceleration
% vel.oc1ty

time

= mass

. _ force X time
o MASS = velocity
F'T!
. [m] =

[r=] .

“. [m] = F'TW!

Illustration 16 : Heat produced in a
current carrying conducting wire depends on
current I, resistance R of the wire and time
t for which current is passed. Using these
facts, obtain the formula for heat energy.

Solution :
Suppose heat energy H o I R®
~-H=kIPR F (D

(where a, b, ¢ € R and k is a
dimensionless constant)

Writing the dimensional formula for all the
physical quantities in eqn. (1),

MIL’T? = (A)* MIL’TA%? (T)°
= A" - % MAL%TC - ¥

Equating the indices on both the sides, we get,
a-2b=0 b=1 3b+c=-=2
Thus, a =2 and ¢ = 1

Substituting these values of a, b and ¢ in

eqn. (1),

. H = k'Rt

Experimentally & = 1 is obtained

~ H = I’R¢
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Table 2.3 : Some physical quantities, their SI units and dimensional formula :

Sr. Physical Relation with Dimensional SI
No. Quantity other Physical Quantities Formula Unit
5 Distance (d) - MoL!'T? m
D) Mass (m) - M'LOT? ke
3, Time (T) =t MCLOT s
4. Plane angle (0) arc / radius MOLOT? rad
5. Solid angle (£2) Area / (radius)® MOLOT? ST
5. Area (A) length X breadth MPL2T0 m’
77 Volume (V) length X breadth X height MOLIT? m’
8. Density () mass / volume M'L-*T° kg m™
9, Speed/Velocity(v) Distance / time MU m s
10. Acceleration () Change in velocity / time MOoLIT2 m 52
11. Force (F) mass X acceleration MILIT-? kg m s?
(newton)

L2 Work (W) Force X distance MIL*T-2 joule (I)
13, Power (P) work / time MIL2T-3 Yis, watt
14. |Energy, (Kinetic energy,

Potential energy, Heat work MILT? joule ()

energy etc)
15. Momentum (p) mass X velocity MIL!T! kg m s
16, Pressure (P) Force / Area M'L-IT? N m>2 Pa
17. Periodic time (T) time MOLeT! 8
18. Frequency (f) 1 / periodic time MoLeT! s7!, Hz
19. Angular arc / radius MPLOT? rad
displacement (8)
20. Angular velocity((0) angular ML ! rad s
displacement / time
21, Angular angular velocity / time MOLOT-2 rad s
acceleration (ov)
22, Moment of mass X (distance)® M'L2T° kg m?
Inertia (D)

23. Torque (T) Force X Perpendicular distance MIL2T2 N m
24, Impulse of force Force X time M'LIT! N s
25, Surface tension (T) Force / distance M'L T2 N m™!
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3 Heat energy MO i
26. | Specific Heat (C) NASS X temperature L°TK J kg K
= Heat energy x thickness o Ly ST,
27. | Thermal Conductivity Area X temperature x time MLTK IJm s K
28. | Electric Current (I) - MLoT?A! A
29. | Electric Charge (Q) Electric Current X time ML T!A! C
(Coloumb)
30. | Potential Differnce work / charge MILIT3A | V (Volt)
(V)
31. | Resistance (R) Eotential dibszoce MIL?TA2 | Q (ohm)
current
32. | Capacitance (C) Charge / Potential Difference | ML?TA2 | F
(faraday)
Table 2.4 : Multiples and Submultiples of SI units
Multiples Submiltiples
Value Prefix Symbol Value Prefix Symbol
10" exa E 107 deci d
10° peta P 1072 centi c
1012 tera T 107? mili m
10° giga G 1076 micro 18
100 mega M 111je nano n
10° kilo k T2 pico p
107 hecto h 1015 femto f
10 deca da iy atto a
SUMMARY

The standard measure of any quantity is called the unit of that physical quantity.

The number of physical quantities is large. We select a limited number of
physical quantities to express other quantities. These physical quantities are
called fundamental or base quantities. The other physical quantities are called
derived physical quantities.

There are seven fundamental quantities in SI system of units. They are
length, mass, time, electric current, thermodynamic, temperature, luminious
intensity and amount of substance.

There are two supplementary quantities in SI system. They are plane angle
(9 and solid angle (€2) and their units are radian (rad) and steradian (sr)

respectively.
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10.

11.

12.

13.

14.

Small distances can be measured using either metrescale, vernier callipers or
micrometer screw guage. A screw gauge can be used for measuring length
in order of 103m for the measurement of large distances or astronomical
distances indirect methods are used. e.g. Parallax method.

Mass and weight : The amount of matter in any substance is called mass
(m). It is an internal property of substance. The gravitational force acting on
the substance is called weight (W).

The accuracy of measurement is a measure of how close the measured
value is to the true value of the quantity, Precision tells us about the
resolution or the limit to which the quantity is measured.

Error : Inaccuracy in measurement of physical quantity is called error. There
are two types of error. (i} Systematic error (ii) Random error.

The magnitude of the difference between the individual measured value of
any physical quantity and its mean value is called absolute error.

The ratio of the mean absolute error to the mean value of quantity
measured is called relative error or fractional error. When the relative error
is expressed in percentage, it is called the percentage error.

Combination of errors : When more than one physical quantities are measured,
then the maximum error that occurs in the final result will be as follows :

Sr. No. Mathematical operation Error
L Addition : Z=A + B AZ = AA + AB
s Subtraction : Z = A — B AZ = AA + AB
ison s 7 = A AZ _ pA , 2B
3. Division : Z = B 7 = A or B
e < 7. = AZ _AA | AB
4. Multiplication : Z = A - B 7 = A + B
5 Exponential power : Z = A" % = n%

The number of digits in a measurement about which we are certain plus
one additional digit which is uncertain are known as significant digits,
The greater the numbers of significant digits obtained in a measurement,
the more accurate is the measurement.

When any physical quantity is expressed with appropriate powers of M,
L, T, ... then such an expression for physical quantity is called its
dimensional formula.

With the help of dimensional analysis, we can obtain relation between
the wnits of different system of units, can verify dimensional consisteney
of physical equation as well as relation between different physical
quantities can be obtained.
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| EXERCISES |

Choose the correct option from the given options :

1.

th
.

10.

Which of the following physical quantities is a derived one ?
(A) mass (B) force (C) plane angle {D) time

Which of the following physical quantities is not a fundamental physical
quantity in the SI system ?

(A) Luminous intensity (B) Electric current

(C) Solid angle (D) Quantity of matter

Ipm

1 ﬁn = cirasen

a) 10° (B) 107° () 10% (D) 108
Unit of plane angle in SI system is .........

(A) degree (B) radian (C) steradian (D) candela
The percentage error in the distance 1250 + 0.5 cm is .........

(A 4 % B) 0.04 % C) 04 % (D) 40 %

In an experiment to determine the density of a cube, the percentage error
in the measurement of mass is (.26 % and percentage emor in the
measurement of length is 0.38%. What will be percentage error in the
determination of its density ?

(A) 14 % (B) 140 % © 1.04 % (D) 1.44 %
If Z = A3, then relative error in Z iS .u..... )

(AA) AA AA

3 = ==
(A) (AA) B) © 3%, @)

If x = ab”! and Ag and Ab are the errors in the measurement of @ and
b respectively, then the maximum percentage error in the value of x will be

(A) (Aa % x 100 (B) (@_%} X 100
Aa Ab Ab
(C)(a—b+a—b)><100 (D)(a—b a_b)><100

The dimensional formula of physical quantity Z is ML?T . The percentage
error in measurement of mass, length and time are o0 %, B % and ¥ %
respectively. The percentage emor in Z would be .......... .

@ o+p+9% @ o+p-7%

(C) (ao. + BB + cy) % (D) (@ao. + BB — cy) %

2
4~
A smdent performs an experiment for determination of g(= ) J The

error in length I is Al and in time T is AT and n is the number of times
readings were taken. The measurement of g is most accurate for ..........
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11.

18.

19.

20.

Al AT n

(A) Smm 0.2s 10

(B) Smm 0.2s 20

(C) Smm 0.1s 10

(D) 1lmm 0.1s 50

When a cwrent of (2.5 + 0.5) A flows through a wire, it develops a
potential difference of (20 + 1)V, The resistance of the wire is ........

(A) 8 £ 2Q ®) 8 £ 1.5Q
©) @8 + 0.5%2 (D) B + 3)Q

. Numbers of significant figures in 5.055 and (.003055 are .......... respectively.
(A) 4 and 3 (B) 3 and 3 (C) 4 and 4 (D) 4 and 6.

. The number of significant figures in 0.0060 is .......... .

(A) 4 ®) 3 (©) 2 D) 1.

- The gravitational force F between two masses m, and m, separated by a

distance r is given by F = G"t?z , where (G is the universal gravitational

constant. What are the dimensions of G ?
(A) ML*T? B) M'L’T? ©) MwL’T? ®) ML

. According to quantum theory, the energy E of a photon of frequency f is

given by E = Af, where b is planck’s constant. What is dimensional formula
for & ?

(A) ML’T? (B) MiL2T! (€ ML T! (D) M'L’T?

. The dimensional formula of ‘light year’ is...

(A) L™ ® T © L! (D) T

. What is the dimensional formula of a solid angle ?

(A) ML!T! (B) MLT! (© MILT? (D) MPLOT?
The time dependance of a physical quantity P is given by P = Py exp (—ou?).
where ¢ is a constant and 7 is the time. P is the pressure. The dimensional
formula of ¢ is...

(A) MULOT2 (B) MOLOT?
(C) M°LOT® (D) MIL'T?

If energy (E), momentum (p) and force (F) were to be chosen as
fundamental units, what would be the dimensions of mass in the new system ?

(A) E'PF (B} E'P*F°

(C) EpF2 (D) E2plF?

The number of particles crossing a unit area perpendicular to the X—-axis in
unit time is given by,

n= —D[zzfnl] Where r, and n, are the number of particles per unit
2~ h
volume at x = x, and x = x, respectively and D is diffusion constant. The

dimensions of D are...

(A) MPLIT? (B) ML?T4 (C) MOLIT3 D) MOL2T!
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21.

]
b2

24,

b2
tn

The speed of gravity waves in waler is proportional to A® pE' g? where
A is the wavelength, P is the density of water and g is acceleration due to
gravity. Which of the following relations is correct ?

Aya=p=yv B o*p=+y
©o=y=p ma=7 =B

. If the distance between two charges is 2a, then the dipole moment of this

system is given by p = (2a)q, where g is electric charge. The dimensional
formula of p is ..........

(A) MLTTIA! (B) M’L'T'A! (C) ML'T'A! (D) ML'T'A!

.If 1 gems™ = x N s then x = .......... .
(A) 1 % 107 ®) 3.6 x 10° © 1 x10° (D) 6 x 10
The equation of stationary wave is y = 2Asin kx coswt (in metre). Where

A and x are in metre. w is angular frequency. Dimensions of A/k are

----------

(A) MULOT? (B) M°L-21° (C) ML-'T! (D) MOL2T?

a
. In [P + ? ](V — &) = RT equation, the dimensional formula of %

will be .......... where, P = Pressure, V = Volume and T is temperature,
(A) MILT? B) ML TK! () M1 (D) MILTK!
ANSWERS

1. (B) 2. (©) 3. (A 4.(B) 5..(O) 6. (B)
7. (C) 8. (A) 9.(C) 10. (D) 1. (A) 12. (©)
13. (C) 14. (A) 15. (B) 16. (C) 17. (D) 18. (A)
19. (A) 20, (D) 21. (D) 22. (D) 23. (C) 24. (D) 25. (A)

Answer the following in short :

Bowop

un

~]

11.

What is a unit ? What are derived units ?
Which are the supplementary units of SI system ?
What is dimensional formula ?

Which physical quantity has the unit amu ?
1g/em® = ... kg/m®

. In any experiment, physical quantity in the formula which has the maximum

power should be measured more accurately. Justify the statement ?

. The mass of an object is 225 + 0.05g. Calculate percentage error in

measurement.

. Write the dimensional formula of capacitance.

. Give the difference between accuracy and precision.

10.

If 6, = 255 + 0.1 °C and 6, = 353 + 0.1 °C caloulate 0, — 9,
Subtract with due regard to significant figures : 3.9 x 10° - 25 x 10*
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Answer the following questions :

L,

6.

Which are the fundamental and supplementary units of the SI system ? Give
their units with symbols.

Explain the parallax method to determine the distance between the carth and
a planet.

Explain the different types of emors that occur during measurement of a
physical quantity,

Explain absolute error, average absolute error, relative error and percentage
error.

Explain the dimensional consistency of an equation can be checked using
dimensional analysis ?

Give the limitations of dimensional analysis.

Solve the following Problems :

L.

L

In Ohm’s experiment, the values of an unknown resistance were found to
be 4.120, 4080, 42200 and 4.1402. Calculate absolute error, relative
error and percentage error in these measurement,
[Ans. : 0.04, 0.0096, 0.96 %]

If the length of a cylinder is ! = (4.00 + 0.01)cm, radius r = (0.250 +
0.001) cm and mass m = 6.25 + 0.01g. Calculate the percentage error in
determination of density,

[Ams. : 1.21 %]
The acceleration due to gravity (g) is determined by using simple pendulum
of length [ = (100 + 0.1)cm, If the time period is T = (2 + 0.01)s, find
the maximum percentage error in the measurement of g.

[Ans. : 1.1 %]
The length, breadth and thickness of a metal sheet are 4.234m, 1.005m and

2.01cm respectively. Calculate the total area and volume of the sheet to the
correct number of significant figures.

[Ans. : 8.72 m? 0.086 m’]
The electric force between two electric charges is given by
1 9 9 . . .
——— — 5, Where r is the distance between 4, and g, Give the
e, L2

unit and dimensional formula of Ey-

F =

[Ans. : N7'C? ;2 M'L7T*A%]
Check the dimensional validity of the following equaticns :
i} Pressure P = pgh

P = density of matter, g = acceleration due to gravity, # = height

o - 1. . 1.2
(i) Fs = e 7 v,
Where F = force, s = displacement, #m = mass, v = final velocity

and v, = initial velocity
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~1

10.

@) 5= v+ 3 (@’

s = displacement, vy= initial velocity, @ = acceleration and ¢ = time.

m+*xaxs

(iv) F = F

Where m = mass, @ = acceleration, s = distance and ¢ = time,
[Aps. : (i) and (ii) is dimensionally valid and (iii) and (iv) are not wvalid.]
If the velocity of light, acceleration due to gravity and normal pressure are
chosen as the fundamental units, find the unit of mass, length and time.
Given that velocity of light, ¢ = 3 X 10°m s, ¢ = 10ms™ and normal

atmospheric pressure, P = 10°N/m?

[Ans. : unit of mass = 8.1 X 10%kg, wnit of length = L = 9 X 10%m
and unit of tme T = 3 X 107s]

v = at + + v, is a dimensionally valid equation. Obtain the

t+c
dimensional formula for a, b and c¢. where, v is velocity, ¢ is time and

Yo

is initial velocity.

[Ans. : [a] = ML'TZ, [b] = M°L'TY, [c] = MLOT]]
An object is falling freely under the gravitational force. Its velocity after
traversing a distance 2 is v. If v depends upon gravitational acceleration

g and distance has prove with the help of dimensional analysis that
y = k.fgk , where k is a constant,

A gas bubble from an explosion under water oscillates with a period T
proportional to P°p’E° where P is the static pressure, p is the density of
water and E is the total energy of the explosion. Find the values of &, b
and c.

]

0 |

C =

- R |
[Ans. : g = 6’b_2'
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3.1 Imtroduction

Motion is common to everything in the universe. Walking,
running, cycling, blood circulation in our body, flowing of water,
flying birds etc are daily life examples of motion. Some motions
are invisible, for example, random motion of gas molecules, flow
of electrons in conducting wire. Stationary looking objects such as
roads, trees, buildings ete. are in motion with the earth’s rotation,
algo the earth revolves around the Sun and the sun itself is in
motion in the milky way. Milky way is alse in motion with respect
to other galaxies. Thus, we can say that everything in this universe
is in motion,

When any object changes its position with respect to
another object, we say that the object is in motion. Motion can
be of several types, e.g. linear motion, rotational motion,
vibrational (oscillatory) motion etc. In this chapter, we shall
confine overselves to study the motion of objects along a straight
line, also known as rectilinear motion. For this, we shall
understand the concept of physical quantities like displacement,
velocity and acceleration.

3.2 Kinematics and Dynamics

A branch of physics dealing with motion without considering
its causes is known as kimemafics.

A branch of physics describing motion along with its causes
and properties of a moving body is called dynamics.

Kinematics and dynamics are collectively known as
mechanics. In this chapter we shall discuss only kinematics.
3.3 Concept of a Particle

In our dicussion we shall treat the object in motion as a
particle. A particle is a point like object endowed with
mass. In practice it is difficult to get such an object becausc
an object would have some dimensions. But in certain
circumstances an object can be treated as a particle. Such
circumstances are as follows :

(i) All the particles of a selid body performing linear motion
cover the same distance in the same time, Hence, the motion
of such a body can be described in terms of the motion of any
of its constituent particles.
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(ii) If the distance between two objects is
very large as compared (o their dimensions, these
objects can be treated as particles. For exmaple,
while calculating the gravitational force between
the Sun and the Earth, both of them can be
considered as perticles,

3.4 Frame of Reference

How can we know that the object is at rest
or in motion ? In order to answer this question,
we shall consider the following illustration.
Suppose a bag is lying in a train moving with a
constant speexl A passenger in the train would
find the bag statiomary but a person standing by
the roadside would find the bag in motion. Thus,
the bag is at rest if it iz observed from the train,
it is in motion if it is observed from the roadside.
If we observe the treeg, building etc. from the
ground, they are stationary but fram the train they
will be found to be in motion, Thus, motion is a
combined property of the object under study and
the observer. In other words, motion is a relative
concept.

A place and a situation from where an
observer takes his observation is called
frame of reference, In the above illustration of
the bag, the frame of reference for the passenger
is the train moving with constant speed, while
for the cbserver standing by the roadside the
frame of referemce is the statiomary {!) Earth.
The frames of reference is of two types : inertial
reference frame and non-inertial reference frame.
We shall discuss this in detail in Chapter 5.

3.5 Position, Pathlength and Displacement

In order to describe the motion of a particle,
its position at every instant of time must be
known. To locate the position of a particle we
need a frame of reference. There is no rule or
restriction on the choice of a frame of reference.
We can select a reference frame according to
our convsnience. W2 can choose three mutually
perpendicular axes and name them (in counter
clockwise direction) X, Y and Z axes. The point
of intersection of these three axes is called origin
{O) and serves as referemce point. The
co-ordinates (x, y, 2) of a particle describe the

0

—X £ . o B

position of the object with respect to this frams
of meference ar co-ordinate system, To measure
the dme we put a clock in this system.

Y M
o ¥y 7))

Abe b
gT\)*\(xl.plz:}

i B*
¥ t?.

Position of a particle in frame of reference
Figure 3.1

Ag shown in Fig. 3.1, the position co-andinate
of a particle in motion at time ¢, is (¥, ¥,, 2,) and
at time £, is (%, Y., Z)- This shows the position of
particle with respect to the given frame of reference.

If all the three co-ordinates of a particle
remain unchanged with time, the particle is
considered at rest with respect to time in this
frame. If one or more co-ordinates of a particle
chenges with time, we say thet particle is in motion
w.ri. this frame. If any one of the co-ordinates
changes with time, the motion of a particle is called
one dimensional or lincar motion. For example, an
object falling freely from the top of the tower,
motion of & car along & straight road.

When two or three co-ordinates change with
time, the motion of a particle is called two
dimensional and three dimensional respectively.
For eample the earth revolving around the sun, a
striker moving over the carrom board are
examples of two dimensional motion. A butter-
fly flying in the ganden is an example of three

To describe motion along a straight line, we
can choose an axis, say X—axis, so that it coincide
with the path of a particle. We can decide the
position of a particle with reference to a
conveniently chosen origin, say O, as shown in
Fig 3.2. Position, to the right of O are taken as
positive and to the left of O, az negative.

NN D)

{km) -506 -40 -30 -20 -10 O

o — X

0 20 30 40 50 60 70 80 (km)

Motion of a car in siraight line
Figure 3.2
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Path length : The total distance travelled
by a particle in some time interval is called the
path length (or total distance.)

Displacement : The change in position of
a particle in some time interval is called
displacement.

If x, and x, be the initial and the final
positions of a particle at time f, and time
t, respectively then displacement in time interval
At =, = 1, is given by

Ax = final position — initial position

=X X

The SI unit of path length and displacement
is metre (m). Now, we shall understand the
difference between path length and displacement.

Consider the motion of a car along X—axis.
As shown in Fig 3.2 a car is at point A at time
¢, then it goes to B and then comes to point C
at time £,.

In time interval Az =1, - ¢,

Path length = AB + BC = (80 — 20) +
(80 — 40) = +100 km,

Displacement = Final position — Initial position

(Point C) (Point A)
=40 — 20 = +20 km.

In this case path length and displacement
both are positive. Displacement is directed in
the positive X axis direction. If the car starts
from B and goes to peoint C then, path length
= 80 — 40 = 40 km and displacement = 40 — 80
= —40 km. Thus, displacement can be negative
also. Here, displacement of the car is in the
X-axis direction. In above illustration if the car
starts from A, goes to B and then retums to A,
the path length is + 120 km but displacement is
zero. From this illustration it is clear that path
length is always positive while displacement can
be positive, negative or zero.

We do not get correct information about the
path of motion of the car from displacement.
Displacement gives only the resultant effect of
motion of a car.

Displacement has both magnitude and
direction. Such physical quantities are represented
by vectors. You will learn about vectors in
Chapter 4. In one-dimensional motion, there are
only two directions (backward and forward or

upward and downward) in which a particle can
move, and these two directions can easily be

specified by + and — signs.

Iustration 1 : A particle moves along a
circle of radius r. It starts from A and moves
in anficlockwise direction as shown in Fig 3.3
Calculate the distance travelled by the particle
and magnitude of displacement for each of the
following cases.

(1) from A to B (ii) from A to C (iii) from
A to D (iv) one complete revolution of the
particle.

C

Figure 3.3
Solution : (i) Distance travelled by particle
from A o B,

pa engn = 27 = 57

Displacement | AB | = +JOA? + OB?
= Jrt+rt= 2r

(ii) Distance travelled by the particle from A
to C,

Path length = % = nr

Displacement = | AC = r+ r=2r
(iii) For the motion from A to D,

Bl

Path length = 2rr X

Displacement | AD | = 2 472

=2

(iv)For one complete revolution of the
particle, total distance travelled will be
equal to circumference of the circle,
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Path length = 2xr

and displacement = 0, since the particle
comes back to the original position.

3.6 Average Speed and Average Velocity

When an object is in motion, its position
changes with time. In order to study motion, it is
necessary to know how fast the position of the
object is changing with time, To describe this,
we define the quantity average speed.

The ratio of pathlength (i. e. total distance
travelled) to the time interval during which the
motion has taken place, is known as average
speed, It is denoted by symbol < v > or ¥7.
Thus, for a given time interval,

_ Path length

Average Speed = e interval

If an object travels a distance Ax in time
interval A¢, the average speed in this time
interval is,

<v>= —‘: (36.1)

Now, the guestion arises as to how fast the
position is changing with time and in what
direction ? To understand this, we define the
quantity average velocity.

Average velocity is the ratio of
displacement to the time interval, in which
the displacement occurs.

displacement _
time interval
Average speed and average velocity have the

Average Velocity = —f(3.6.2)

same SI unit m s, although kmh! is used in
many day to day applications.

The direction is important in average velocity
while it is not so in average speed. As explained
carlier, for motion in a straight line, the direction
of mation can be taken care of by + and — signs.
We do not use the vector notation for velocity in
this chapter. To understand this, consider the
motion of the car as shown in Fig. 3.2.

At £ = 0, the car is at point A, it goes to
point B and then returns to C in two hours.

Average speed of the car in this time
interval,

§ = ——=— = —— = +50 kmh™

Average Velocity = %
- M = +10 kmh™!

‘+’ sign indicates that average velocity of
the car is in positive X direction.

Now, if car moves on a path A—-B—-C-0Q
and comes to O in 3 hours, then

Average speed = % = +46.6 kmh™

0 - 20

3

Here, the average velocity of the car is in
negative X direction.

Thus, average velocity can be positive,
negative or zero. It depends on the sign of
displacement. In general, the average speed of
an object can be equal to or greater than the
magnitude of the average velocity.

We shall understand the reason of using the
word ‘average’ with the help of an illustration.
Suppose a car starts from Ahmedabad at morning
10 o’clock and reaches Vadodara at 12 noon.
The distance between Ahmedabad and Vadodara
is, say 100km, so the average speed of the car

will be 50kmh™’. This does mean that, the speed
of the car throughout its journey from Ahmedabad
to Vadodara remained exactely 50kmh™!. Where
the traffic was less the speed of car may have

= —6.66 kmh!

Average Velocity =

been 80kmh™' and if a railway crossing was
closed it may be zerc. Now, it should be clear
that 50kmh" is the average speed of the car.

Illustration 2 : A vehicle travels different
distances with different speeds in the same
direction. Find the expression for the average
speed of the vehicle.

Solution : Suppose the vehicle travels
distances dl, dz, d3 wwrene With speeds v, v, v,
....... respectively in the same direction.

Total distance travelled,

D=d +d,+d+ ...

Total time taken, ¢ = A N I 7

by 4y
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b
1

Average speed =
d +d, +dy + ...
d d d

st § + - + - + e
k| V2 V3

Special case : If the vehicle travels two
equal distances (d, = d, = d) with different
speeds v, and v,, then

2y,

+

Average speed = j
- +
!

Sl BN

Ilustration 3 : A person walking in a
straight line, covers half of the distance to be
travelled with a speed of v, For half of the time,
required to complete the remaining distance, he
walks with a speed of v, and for the remaining
half Gme his speed is v,. What is the person’s
average speed during this complete walk ?

Solution : Suppose the total walking distance
is d, the time taken to travel half of the distance

d
{EJ is L and the time taken to travel the

remaining half distance is 2¢,
Using the formula,
distance travelled = average speed X time

4. f, and h t, = 2
7 = Vo and hence £, = | 5,

d
and 5 =vi+ = (vl + vz)t

. _4d
- = vt Y

Thus, the total time taken to walk the total
distance d is 1, +2f

. The person’s average speed
d d

o+ 2 - d d

_ 2vev, + v,)
v+ vy + 2y

<vE=

3.7 Position—Time (x — f) Graphs for Motion

Motion of an object can be represented by
a position—time graph as you have already learnt
it. Such graph is a powerful tool to represent and
to analyse different aspects of motion of an
object. For motion along a straight line, say
X—axis the x co-ordinate varies with time and we

Ax
have x — ¢ graph. The slope = &5 - tan® of

the graph gives the average velocity of an
object for a given time interval. Where, 0 is
the angle between time—axis and the line, x — £
graphs for different types of motion are shown

in Fig 3.4.
.x(m).'\

g

0

(a) )

At

(b)
x(m)d‘\

t, t(sf

x(m)4

t(s);
(d)
X — t Graphs for different types of motion
Figure 3.4
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(i) If x — ¢ praph is parallel to time-axis then
the object is at rest. As shown in Figure
3.4(a), the slope of the graph is zero hence the
object is at rest (i.e. its velocity is zero)

(i1) If an object moving along a straight line
covers equal distance in equal intervals of time,
it is said to be in uniform motion (constant
velocity) along a straight line. Fig. 3.4 (b) shows
position-time graph of such a motion which is a
274

straight line. The slope = [ - 1 of this

line is positive. It shows that the average velocity
of that object is positive and it is moving in
positive X direction. If the slope is negative, the
object has negative average value and it is moving
in negative X direction (see Fig. 3.4 (¢)).

(iii) If the x — ¢ graph is a curve instead of
straight line, it is said to be non—uniform motion of
an object. (See Fig. 3.4 (d))

Illustration 4 : A motorcylist travels in a
straight path to a petrol pump in time 60 s,
which is at a distance of 120m in the East
direction from his house. He stays there for
filling up petrol for 120 s and comes back
home by the same path in 90 s, After 90 s
he gets ready for the office. His office is
on a straight way at a distance of 300m in
the West direction from his house. He takes
120 s to reach his office. Draw the graph
of position—time for the motorcycle and find
average velocity for different time intervals.

Solution :

(o]

4

120} & B

2

80 240 300 360 420 480 #s)

60 120 1

Figure 3.5

Take the house on the origin (G) and
consider the displacement in East direction positive
(+Y axis} and distance in west direction negative
(—Y axis). The position—time graph of a
motorcycle will be as shown in Fig 3.5.

Average velocity of motorcycle in OA region

_ A 120-0 _ -1
= " e-0 " tms

In AB region, Motorcycle is stationary at
petrol pump. .. Average velocity = 0

In BC region, average velocity

In CD region, the motorcycle is at home,
hence, its velocity is zero.

In DE region, Average velocity

A& Z300-0 -1
= Ar T 130 — 360 - oms

Here, “+> and ‘=’ sign indicates that the
average velocity of the motorcycle is in East and
West direction respectively.

3.8 Instantaneous Velocity and Instantaneous

Speed

In discussion of average velocity and average
speed we saw that the average velocity in any
time interval gives information about how fast an
object has moved over a given time interval, but
does not tell us how fast it moves at different
instants of time during that time interval.

Suppose a particle moving in one dimension
is at position ¥ and x + Ax at time ¢ and # +
At respectively. We can get the average veolocity
of this particle in time interval A¢ from equation
(3.6.2). We do not have the information about its
velocity at different instants (theoretically infinite)
of time during this interval. During this time
interval the velocity of the particle might have
increased or decreased. But it is clear that by
giving smaller and smaller interval of time to a
particle to change its velocity, we get more and
more accurate information about its velocity. To
understand this clearly let us consider the
following illustration,

Suppose, a car starts from rest (at 1t = 0)

and moves on a straight line in +X direction. The
velocity of the car increases with time. A person
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sitting in the car takes readings of the
speedometer at every second and nctes them
along with the distance travelled. Speedometer
indicates the speed of car at that instant. But
our car moves in only one direction, hence the
speed and magnitude of velocity will be same.
Generally, the reading of a speedometer are in it

is km h™', but we assume that in our car it is in

ms~!. Such observations are tabulated in
Table 3.1

Table 3.1
Time Displacement | Reading of
H5) from origin Speedometer
X(m) v (ms™"
0 0 0
1 1.5 3
2 6 6
3 135 9
4 24 12
3 A 15
6 54 18

Suppose we want to know the velocity of
the car at f = 3 second. To calculate the velocity,
we must know the displacement of the car and
for this displacement car requires some time.
Suppose we take time interval Ar = 3 s from
t=3s ¢+ At = 6s. During this time interval,

Value of average velocity

{ displacement in 6 5 ) — ( displacement in 3 s )
= (6-3)s

- 54‘—3135 = +13.5m s

But from the table we can see that at
t = 3s the reading in the speedometer was
9m s~ Thus, in this calculation, for a time
interval Af = 3 s, the value of average velocity
differs a lot from the wue value.

Now, we reduce the ume interval Af = 1 s.
In this time interval,

Value of average velocity

24— 135
R

Here, the car is moving according to position

= +10.5m s~

equation, x = 1.5. From this we will get
Xx=135mand x = 14415 m for r = 3 s and
t = 3.1s respectively. Now, we will calculate the
value of average velocity for the time interval
At =01s,

The value of average velocity

_ 14415 - 135 -1
=—31-3 = 9.15m s

On decreasing the time interval still further
and taking it to be Af = 0.05 s, the value of
average velocity comes out to be 9.07m s~

So, as we go on decreasing the time interval,
the difference between the calculated value and
the true value goes on decreasing. Now, the
question arises. How much small time interval
is sufficienty small 7 you will learn that the
symbol for infinitedsimally small (near to zero

lim
but not zero) time interval is At —0 In such

circumstances two instants of time ¢ and ¢ + At
can be considered as almost the same instant and
the average velocity obtained is called the value
of instantaneous velocity at time £ This can be
shown mathematically as follows ;

Instantaneous velocity at time £,

lim Ax _ dx

V= A0 A T 4t (3.7.1)

Here, % is called derivative of x with

respect to £. It gives the rate of change of

position with time. % is also denoted as .

(Explanation of differentiation is given at the end
of the chapter.)
Instantaneous velocity from x — ¢ graph :
Now, we shall see how to get the value of
instantaneous velocity from the x — ¢ graph. Let
us consider the above illustration and plot the
position—time graph, as shown in Fig. 3.6
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x(m) H
60

50
40 @

0
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A1 3 3§ 5 bge

e—at—) s)

X — { graph for a car
Figure 3.6

Suppose we want the instantaneous velocity
at time £ = 3 s. For this we select two points P
and Q corresponding to f=3sand ¢ + At =65
and join them by a straight line PQ. The slope
of the line PQ gives the average velocity of the
car in time interval Af =6 — 3 = 3 s.

Similarly the average velocity in time interval
fromt=3stot+ At=55s,ie. Af =235 can
be obtained from the slope of PQ’'. Thus by
reducing the time interval (Az), the line passing
through P goes on leaning towards the tangent
to the curve drawn at P and when we take

lim
Ar =0 that line would coincide with the

tangent.

We know that there can be many lines
passing through point P but the line which passes
through P and is tangent to the curve at P is
unique. Here, the slope of the tangent at P gives
the value of instantaneous velocity of a car at
time ¢ = 3 5. Note that for uniform motion,
x — t graph is a straight line so that value
of instantaneous velocity is the same as the
value of average velocity.

Instantaneous speed or simply speed is
the magnitude of velocity. For example a velocity

of +5.0m s~! and velocity of —5.0m s~ both have

a speed of 5.0m s~!. The spesdometer of car
shows the instantnecus speed at that particular
instant. It should be noted that though an average
speed over a finite interval of time is greater or
equal to the magnitude of the average velocity,
instantaneous speed at any instant is equal
to the magnitude of the instantaneous
velocity at that instant.

Iiustration 5 : The position of an object,
moving in one dimension, is given by the
formula x(f) = (4-.21‘2 + 2.6) m. Calculate its
(i) average velocity in the time interval from
t=0tot=73 s and (ii} Instantaneous velocity

d(x") =
at {=3s. [ ar =nx"
Solution : (i) x(f) = 42F + 2.6
For ¢ = 0, The position of the object
x0) = 4.200F + 26
= 2.6 m (initial position)

For t = 3 s, position of the object,
x(3) =4237+ 26
= 4014 m {final position)

Average velocity =

final position — initial position

time interval
_x0) - x0) _ 404 - 26
- 3-0 3
=126 ms!

(ii) To find the instantaneous velocity,
differentiate the position equation with respect
o ‘L.

Instantaneous velocity

dx

- _ 4
vo= 0= o (428 +26)

d d
42 5 ) + T (2.6)

=422+ 0
= 84t m g!

Putting ¢ = 3 5, v = 8.4(3) = 252m s~
3.9 Acceleration

If the velocity of a particle is the same for
different time intervals, then it means that the
particle moves with constant velocity. But if the
velocity changes, then the particle has accelarated
motion. The time rate of change of velocity
is called acceleration.

Let a particle be moving in a straight line,
and at time ¢, and ¢, its velocities are v, and v,
respectively. Thus, the change in velocity of the
particle in time interval Ar= £, — ¢, is v, — v,.
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According to definition of average acceleration,

change in velocity
time

Average acceleration =

2 "M _ A
L =4 - At
Average acceleration is a vector quantity and

its direction is in the direction of change in velocity
(AV). The SI unit of acceleration is m s~2. From
average acceleration we cannot know how the
velocity of particle changes with time. Taking
lim
Af —
acceleration a at time ¢. Instantaneous
acceleration is also called acceleration in practice,

.. Instantancous acceleration at tme { is,

<a>= (39.1)

o in equation (3.9.1) we get instantaneous

lim Av dv

a= t—0 Ar - 4 (3.9.2)
_ dx

Now,v—dr

g _df&

R de T odr | dt
d*x .

L a4= =5 = 303

“=ar (39:3)

In other words, second derivative of position
with respect to time is acceleration of a particle,

If dv is positive, acceleration is along the

dt
s . e a . .
positive X—axis and if ar is negative, the
acceleration is along the negative X—axis. If the
velocity and acceleration are both positive or both
negative, the speed increases. In this case a
particle has accelerated motion. If they have
opposite sign, the speed of particle decreases.
When the speed decreases, we say that the
particle is decelerating. The direction of
deceleration or retardation is opposite to the
direction of velocity. Acceleration of a particle

+2.5m s~% towards East is same as a deceleration
of 2.5m s~% towards West.

Illustration 6 : The position of a particle
moving along a straight line is given by
x =2 — 5t + £. Find the acceleration of the
particle at £ = 2 s. (x is in metre).

Solution :
Position equation : x = 2 — 5t + £. To

get the acceleration, differentiate x two times
with respect to .

L& _d = _
Yo SRSty = 543
.. Acceleration of particle,

dx d
a="_7 =g ~5+3H=6&

Putiing = 2s, @ = &(2) =12m 5%

Illustration 7 : For a moving particle, the
relation between time and position is given by
f = AxX’ + Bx. Where A and B are constants,
Find the acceleration of the particle as a
function of velocity.

Solution : # = Ax® + Bx

dt
. E =2Ax+ B
C oy B _1
A ar = (2Ax + B) (N

, dv dv dax
Now, Acceleration, @ = 7 - dc 4 7

= [%( 2Ax + B )_l:| (v) (from eq” (1))

" a= (=1) 2A) CAx+ By?- v
= —2AV* (from eq” (1)
310 x — ¢t and v — ¢ Graphs for Accelerated
Motion

The second derivative of position x with
respect to £ is acceleration. The second derivative
of any function is directly related to the curvature
of the graph of that function, In x — ¢ graph, the
point at which graph is more curved, the value

% . :
of acceleration ? = @ is more and point at

. . d*x )
which graph is less curved, ? = g is small.

At a point where x — ¢ graph is concave up
(curved up ward), the acceleration is positive and
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velocity of the particle is increasing. At a point
where x = { graph is concave down (curved
downward) the acceleration is negative and
velocity is decreasing. At a point where the
x — ¢t graph has no curvature (or is a straght
line), the acceleration is zero and the velocity is
constant. Fig 3.7 shows all three of these
possibilities.

P Zero slope : v =0

(:1) Curve downward : g < 0
C Negative slope : v < 0
Curveness zero 1 a =0
D Negative slope : v < 0
Curve wpward : a > 0
B o n
4]

/ Positive slope : v > 0 t(S)’
Curveness zero : a = ()

Positive slope : v > 0
Curve ypward - 2 > 0

x — { graph for a moving particle
Figure 3.7
Thus, an x — ¢ graph is an easy way to
decide what the sign of acceleration is. But we
cannot easily obtain the value of acceleration. For
this purpose, a v — ¢ graph of the moving particle
is useful.

From the v — ¢ graph, we can get average
acceleration and instantaneous acceleration. The

V, — v] Av
slope |= 5 —, = ;| gives the average
t, — At
acceleration for a given time interval At. The
instantanecus acceleration at any time is equal

to the slope of the tangent to the v — ¢ graph
at that time.

(i) For a moving particle, if v — r graph is
paralled to time—axis, then its slope will be zero,
Therefore, the particle is moving with zero
acceleration. It means that velocity of the particle
is constant. Such a motion is called uniform
motion (See Fig. 3.8 (a))

(iiy If v — t graph is as shown in Fig. 3.8
(b), (c) and (d) or any other types instead of parallel
line to time axis, then motion of the particls is called
non—uniform motion. As shown in Fig. 3.8 (b),
the slope of graph is positive. Hence, the
acceleration of the particle will be also positive,

A
v
Yo
v
O g
(a)
F
v
]Av :
.Y
F—>
o : : 5
ty t t
(b)
O 4 ! i
=V |
_v2 -----------------
v
v (c)
L 3
Vv
P
Av
g At
I'4
(d)

v —  graphs for a moving partcile

Figure 3.8

Here, the graph is a straight line, therefore the slope

of the ling will be same for any time interval, It is

called constant accelerated motion or uniform

accelerated motion. For such a motion, average

acceleration and instantaneous acceleration are

same for a given time interval,
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(iii) For the motion, as shown in Fig. 3.8
(c) the slope of the graph is negative, we say
that particle is decelerating. This is also constant
accelerated motion.

(iv) If the velocity of a particle changes
continuously with time as shown in Fig 3.8 (d),
then the slope of the graph will be different for
different time intervals. Hence, the average
acceleration will be also be different in different
time intervals. This is called non—uniform
accelerated motion. The acceleration at any
time is equal to the slope of the tangent drawn
to the curve at that time.

In this chapter, we will confine ourselves to
study only the uniform accelerated motion.

The velocity—time graph of a moving particle
can be used to find the displacement and distance
travelled by the particle during a given time
interval. The area under the curve of v — ¢
graph represents the displacement of a
particle over given time interval. This
statement is true for any type of motion. The
arca of the v — f graph above X—axis is positive
and that below the X—axis is negative. The net
displacement will be the algebraic sum of the
areas under the v — ¢ graph, If we want to find
distance travelled by the particle, then negative
arca of graph should considered positive for
algebraic sum. To understand more clearly,
consider the following example.

IMlustration 8 : The v — ¢ graph of a
particle moving in a straight line is shown in
Fig. 3.9 Find (a) the distance travelled during
the first two seconds. (b) the displacement and
total distance during the time 0 to 4s.
{c) acceleration at t = 0.5 s and t = 2 s,

v
ms’
A
+10 -1
+5 1
. JE\B F D N
1 2*,\;/ 5 6\:\(3)'
.5
-10
C

Figure 3.9
Solution : {a) Distance travelled during first
two seconds,

x, = Area of AOAB

% (AE) (OB)

%(+10)(2) =10 m

(b) Displacement during 0 to 4 s,
Ax= area of AOAB + area of ABCD

= Z(AEXOB) + 3 (CF)ED)

=1 1
= 3O + 5 (100

=10—-10=10
Distance travelled in 0 to 4 s,
= Area of AQABR + Area of ABCD

=10+ 10
(Consider area of ABCD 10 be positive)
=20m
(c) At f = 0.5 s, acceleration,
a, = slope of line OA
= 110 __00 = 10m s2
At ¢t = 28, acceleration,
a, = slope of line AC
_ (=10) = (+10)
B 3-1
= —10m s*

3.11 Kinematic Equations for Uniformly
Accelerated Motion

Suppose a particle is moving with a uniform
acceleration ‘a@’ along a straight line in
X—direction. Let at { = 0, the velocity of the
particle be v, and at ¢ = ¢, the velocity of the
particle be v. The velocity — time (v — f) graph
for this motion is shown in Fig. 3.10.

| L T ——
: B
: (v-vp)
A I C
y 1
!
1
1
'
1
I D
1
Q ! >

t—
Figure 3.10
Derivation of Kinematic Equation for
uniformly accelerated motion from the graph
Here, the acceleration is constant, therefore
the average acceleration and instanteneus
acceleration will be same over any time interval.
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.. Acceleration, ¢ = slope of line AB

=V—PO=P—V0

t -0 t
A=V =V (3.11.1>

or G112

Now, displacement of a particle during time

t is equal to the area of region OABCD in
v — t graph.

J. x= Area of rectangle QACD + Area of

AACB

1
=Vt + E(v — vt (3.11.3)
Bht S (3.11.4)
¢+ 3 11

(Putting, v — v, = 4a from equation 3.11.1)
From equation (3.11.3)

1
X =yt + FVE— ¢

2

[v+v0]
X = 2 t= vt

2%

(3.11.5)
) _ v+,
Where, Average velocity = v = 3
(only for constant acceleration)
R Vv - Vo
From equation (3.11.1), f = PR

substituting in equation (3.11.5), we get

v+ v, L v2—v02
x = 2 a =T

2ax = 2 - vo2 (3.11.6)

Equation (3.11.2), (3.11.4) and (3.11.6) are
equations for uniformly accelerated motion,

The set of above equations was obtained by
assuming that at ¢ = 0, position of the particle, is
x = 0. We can obtain more general equation if
particle at ¢ = 0 is at x = x. In their general
form above equation can be written as follows :
(replacing x by x — x) :

v=v0+ar

1
X=X+ vt + Eat’

2a(x — x) =V — v}

In the above equations the sign of v,, v and

a should be considered according to which the

motion of particle is either along positive or along

negative direction.

Ilustration 9 : A particle with initial
velocity v, moves with a constant acceleration
in a straight line. Show that the distance

travelled in n sccond is v, + 5 2n — 1),

Solution : Distance travelled in #® second,

d = distance travelled distance travelled
~| in nsecond “{in (n—1) second

1

= (v + Eanz)—
1 1 1)?
Wt — )+ Fa @ - 1))

— 1 .2

= (v, + Ean)—

a
(vt — v, + §(n2—2n+ )

a
5)

vpn+ %anz—von+vﬂ— %an%an -

a
Vg +an — 5

[x]
v+ 5@n-1)

Mlustration 10 : A train is moving with
constant acceleration. When the ends of the
train pass by a signal their speeds are u and
v respectively. Calculate the speed of the
midpoint of the train while passing the signal.

Solution : Suppose length of the train is /.
Now, the speed of the front end of the engine
while passing through the signal is u# (considering
the train as a rigid body, the speed of all the
points of the train would be same.) and the speed
of back end of the last bogey, while passing the
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signal is v. This means that the speed changes
from u to v in travelling the distance !. Hence,
using the equation of motion v* — v * = 2ax, we get

vi—ut=2al )

Now, suppose the speed of the mid point of
the train while passing the signal is v', This
means that speed changes from u to v' in

travelling a distance %
{
.'.v'z-u2=2a(§)=af @)

Taking ratio of (1) & (2)

u_z

b2 _ 2

v = z¢2+v2
2

Ilustration 11 : Two particles start their
motion from points A and B with velocity
252km h™! and 144km h™! and acceleration
—4m 57 and 8m s respectively in the

direction from A to B. Prove that they will
meet cach other twice, Find where and when
they will meet. Consider AB = 36 m.

o km

Solution : v, = 25 o 70 m s,
= 144 k_l'ﬂ = 40 ~1 = —4 —2
v, = h ms-, g =—4ms

and g, = § m s?
Suppose these two particles meet at time ¢
at a distance x from point A. We use the formula,

x= v+t %ala
For the particle starting from A,
x =70t + %(—4):2

L x = 708 — 28 Q)
For the particle starting from B,

x — 36 = 40¢ + %(3):2

sox — 36 = 40t + 482 2)

Subtracting (2) from (1)
F-5t+6=0
** t =2 or £ =3 s Thus, these particles
meet each other at these two times. Substituting
these values of # in eq.(l) we get x = 132 m
and x = 192 m
Thus, both the particles will meet each other

at a distance of 132 m and again at after at
192 m,

Ilustration 12 : When brakes are applied
to a moving vehicle, the distance it travels
before stopping is called braking distance.

Obtain the formula for braking distance.
Solution : Let the distance travelled by the
vehicle before it stops, after the application of

brake be 4. From the equation,

V¥ - v}! = 2ax
0 - v}? = 2A-a)d,
2
o ds - vL
2a

Thus, braking distance is directly proportional
to square of the velocity of the vehicle and its
braking capacity. Doubling the initial velocity
increases the braking distance four times, for the
same deceleration. Braking distance is an
important factor considered in setting speed limits
in School zones and Hospital zones.

Kinematic Equations for Freely Falling
Body : The acceleration produced in the object
due to Earth’s gravitational force is known as
acceleration due to gravity (g). This acceleration
is in downword direction. This is called
acceleration due to gravity (g). If air resistance
is neglected the object can be said to be in free
fall. If the height through which the object falls
is small compared to the earth’s radius, g can be
taken to be constant equal to 9.8m s~2. Free fall
is thus a case of motion with unifom acceleration.

Consider the upward direction to the along
the positive Y—axis, then the due to gravity will
be in negative Y direction. Therefore, by putting
a = —g in equations of motion,

v=v, - gt (3.11.7)
y=vi- %gﬁ (3.11.8)
Vi — vt = —2gy (3.11.9)
(Taking Vo= 0
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For a free fall, the initial velocity will be zero
i.e. v, = 0 in above equations.

Sometimes it is convenient to choose
vertically downward as the positive Y-axis and
upward as negative Y—axis. Then the ¢ = g in
equations of motion.

For a free fall, the y — f, v —fand @ — ¢
graphs are shown in Fig. 3.11.

t(s)—»

0
-10 i 2 3 4
-20
-30
-40
-50
-6()
-70

Y .
™) 5

(@)
R t(s)‘—r .

[ SN ]
Y

{m/s)

S0 e (b)
t(s) —»

—
p >

-5

-101 9.8 m/s?

!

a
(m/s?)

(e)

Graphs of motion for free fall
Figure 3.11

Nlustration 13 : An object is thrown in
vertically upward direction. Calculate (a) the
time to reach maximum height (b) the
maximum height.

Solufion : (a) Consider the vertically upward
direction as positive then v, will be positive and
the acceleration due to gravity will be negative
(—g). At the maximum height v = 0.

Therefore, from v = v, + af we get,

0=v,— gt

¥,
p= 2
8

(b) If maximum height achieved by the object

v,
ish,thcn,puty=h,t=annda=—ginthe
. l
equation y = vz + Em2
v, v ¥
2o _1 1%
h=v7 _ig[gJ
_nWo_ 1%
g 28
s
= 2

Illustration 14 : A stone after having
fallen from rest under the influence of gravity
for 6 s crashes through a horizontal glass plate,

thereby losing % of its velocity. If it then

reaches the ground in 2 s, find the height of
the plate above the ground.

Solution : The velocity v of the stone just
before striking the glass plate is given by.

v=v,+ gt
Here, v, =0, g = —98m s2 and t = 6 5.
S v=0+(-98) (6) = —588m s~

i 2 .
After striking, the stone loses 3 of its

veloctity, therefore, velocity of the stone after
iking,

v _ 588

BW=3=-"% = —19-6m s~

Suppose, the height of the glass plate above
the ground is A.

soh=v+ %gtz

Put, Vg=— 19-6m s‘l, £=2s, g=—98m s‘z,
h=-h,
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—h= (=196 X2) + % (—9-8) (2

s h=13588m

Dlustration 15 : A coin is dropped from
a balloon going up with a uniform velocity of
12m s~%. If the balloon was 81m high when
the coin was dropped, find its height when the
coin hits the ground. Take the g = 10m s~

Solution : At ¢ = 0, the coin was going up
with a velocity of 12m s~.. After that it moved
as a freely falling body. Take vertically upward
direction as positive,

y=-8lmy,=12ns",a=g=-10ms>

1
y =vot+ Egt2

—81 = (12)t + %(—10):2

52— 12—-81=0

_12+ Jat-a5)gn) 12 + 42

2(5) 10

. §=54 s OR f = =3 s, which is not
possible ie. the coin reaches the ground after
3.4 5. During this time the balloon has moved
uniformly up. The distance covered by it is,

¥, = (velocity X time) = (12) (5-4) = 64-8m.

Hence, the height of the balloon when the
coin reaches the ground is,

81 m + 648 m = 145.8 m.
3.12 Relative Velocity

Mation is a relative concept. We had earlier
seen that the velocity of an object is different
for different frame of reference. Our common
experience is that, for a person sitting in a train,
the speed of a fly flying in the train along the
direction of moving train appears to be less
observed by a person standing on the ground. If
the fly is moving in the direction opposite to the
motion of the train, the stationary person on the
ground will find the speed of the fly to be less
than the speed of the train. To understand such
observations, we now introduce the concept of a
relative velocity.

Let A be the frame of reference associated with
person standing on the ground. B is the frame of
reference associated with the train moving with
uniform velocity. Both these reference frames are
inertial frames of reference. Let us denote the fly
with P. Then, let xp, be the position of P with respect

t origin O of frame of reference A, and Let x,, be
the position of P with respect to crigin O’ of frame
of reference B at ¢ = 0. (See Fig 3-12)

Yt Ygft Reference Frame B
<€ X
g A (Train)
& -
= g
S8
A ;
B > >
E © ':| > Xap Xp
*BA B |
Xpa !
Relative Velocity
Figure 3.12

From the Fig. 3-12,

Ypa = *pg T *Ba
Differentiating with respect to “t',

d(xp,) _ d(xpg) . d(xg,)

dt dt dt
S Vpa T Vog T Vs (3.12.1)
OR vy, = ¥, = Vp (3.12.2)
Here, v, = velocity of P (fly) with respect

to reference frame A (ground)

veg = velocity of P with respect to
reference frame B (train)

vpa = velocity of reference frame B w.r.t.
reference frame A,

In the above illustration, let v, = + 10m s
be the velocity of train with respect to the ground,
Vpg = 1 2m 5! be velocity of fly with respect
to the train (in the direction of moving train).
From equation 3-12-1. The velocity of the fly
with respect to the ground will be v, =10+ 2

= +12m s~.. This velocity is greater than the
velocity of train. If the fly in the train flies in
the opposite direction to the motion of the train

— ~1 ; PO
then v, = —2m s~ and its velocity with respect

to the ground will be v,, = 10 — 2 = 8m 5!
Now, if P is the frame of reference

associated with the ground (G) and reference

frames A and B are associated with two particles,
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then from equation 3-12-2, the relative velocity
of particle B with respect to particle A will be,

Voa = Yoa — Ven (3.12.1)
(3.12.3)

Vea =™ VB T Vac T B T Ya
In the same way, the relative veocity of
particle A w.r.l. particle B will be

Vae = Yac " VBc= Ya '8

(v AG and Vpg are the relative velocities w.r.t.
ground can also be denoted by v, and v,
respectively)

Relative Displacement : Consider two
particles A and B moving along the X—axis with
uniform velocities v, and vy, Let x,, and X
be their displacement from the origin O at £ = 0

as shown in Fig. 3-13.

Y
F
% YB0 ‘;:
X
‘@ @
0 > X

(position of particles at ¢ = 0)

(position of particles at £ = )

Figure 3.13
If x, and xp are their position co-ordinates

then, at = ¢, X, =X,q+ vyt

Xp = Xgo + Vgt
At t = t, the displacement of particle B with
respect to particle A,
Xp =X, = (pg = X0 ) + (Vg — V2
(3.12.4)
Where, Xho ~ *a0 is the displacement of
particle B with respect to particle A at £ = 0.
Vg = V, = Vg, 18 the relative velocity of B with
respect to particle A.

(i} When V, = Vg, then from eguation
(3.124), xp—x, = %20 *a0 This means that
the distance between two particles will remain
equal to initial distance at any instant of time.
(See Fig. 3-14 (a)) Here, relative velocities of
both the particles will be v, = v, = 0.

(ii) If v, > v, both the particales will meet
at time t. (See Fig. 3-14 (b))

x M
{(m) B
//A/
*Bo
*a0
Vi = Vg f(s)
(a)
x E
(m) A
B
i
% |
i
%0 I
1 N
O t THs)
V> vy
(bh)
Figure 3.14

At this instant, their relative displacement will
be x; — x, = 0. There after particle A overtakes
particle B at this time.

(iii) If v, > v, , then the relative displacement
xp — x, of both the particles will increase with
time. Therefore, they will never meet on their path.

Mlustration 16 : When the driver of
Shatabdi Express, running with velocity v,
sights a goods train going ahead of him at a
distance x in the same direction on the same
track, running with velocity v, (where
v, < v, ) he applies brakes. In order to avoid
an accident, what should be the magnitude of
the deceleration produced by the brakes ?

Solution : Tt is clear that the velocity of
Shatabdi Express relative to goods train is
v, =V, If this relative velocity becomes zero in
distance x, the accident can be avoided. Let the
necessary deceleration for this be a. Using the
formula 2Zax = vz— Yy 2 we get

—2ax = 0 — (v, — v,)*

- Vz)

x

Nlustration 17 : Two cars A and B are

at positions 100m and 200m from the origin at
= 0. They start simultaneously with constant

ad=
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velocities 10m s~! and 5m s~! respectively in trains set off simultaneously from
the same direction. Calculate the time and Ahmedabad and Vadodara towards each
position at which they will overtake one other. The speed of these trains are 45 kmh!
another.

_ and 30 kmh™' respectively. When will they

Solution :

cross each other ?
Xpo = 200m, Xao = 100m

— — Solution :
vﬁ\=ll’.)msl,'uB=5ms1 )

Now,xB—xAz(xBo—xho) + g =Vt »
Suppose, at ¢ = 1, both the cars overtake vy =45 kmh

Speed of train set off from Ahmedabad

one another. Speed of train set off from Vadodara
Therefore, x, = x, and x, — x, =0 v, = -30 kmh !
0 =200 - 1000+ (G-101¢ (this train is moving in opposite direction)
.t=%=205 ¥po ~ *ao = 100 km

When both the trains meet, the relative
Now, let both the cars overtake one another

at distance x from X0

displacement will be zero. ie., x, — x, = 0.

A - X, = - x +(v. — v. )
= 100 + (10) (20) = 300m 0 =100 + (30 — 45)
Illustration 18 : The distance between .= % _ % hours.
Ahmedabad and Vadodara is 100 km. Two
SUMMARY

1. Frame of reference : A place (and a sitvuation) from where an observer
takes his observation is called a frame of reference.

2, Path length : The distance travelled by a particle in some time interval is
called path length. It is always positive.

3. Displacement : The change in the position of an ohject in some time interval
is called displacement.
Displacement = final position — initial position.
Displacement can be positive, negative or zero. The path length can be equal
to or greater than the displacement.

4. Average Speed and Average Velocity :
The ratio of the path length and the time taken for travelling it, is known as
average speed.
The ratio of displacement and the time taken for travelling it is known as
average velocity.

displacement
Average velocity = ﬂT = %

Average speed is always positive, the direction is not important. Average velocity
i8 in the direction of displacement. It can be positive or negative. For a given
time interval the average speed can be equal or to greater than the average
velocity.

5. Instantaneous velocity : In a given time interval, average velocity does not
give the information about how fast the object moves at different instants. By
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10.

11.

12.

taking Ath)() in the definition of average velocity, it gives the instantanous
velocity at time f,

Instantaneous Velocity
Iim Ax dx

T A0 Ay T gr
The magnitude of instantaneous velocity is called instantanous speed.

When a particle moving on a straight line covers the same distance in the
same time intervals, its moticn is called uniform motion,

In x — 7 graph, the slope of the line connecting the final position and the initial
position gives the magnitude of average velocity for a given time interval. In
X — t graph, the slope of the tangent drawn to the curve at a point gives the
magnitude of instantaneous velocity at that instant.

Average Acceleration and Instantaneous Acceleration : If the change in
velocity of an object is Av in time interval Az, then,

Average acceleration

change in velocity Ay
time interval ~~ Af

<a>=

Instantaneous acceleration at time £,

_ lim Av _ dv _d (&) _d%
A= Aa>0ar T g AT g\ dr | T 42

Acceleration is a vector quantity. It is in the direction of change in velocity

The SI unit is m s~2

The slope of velocity versus time graph gives the value of average
acceleration for a given time interval. The slope of the tangent drawn at a
point, gives the value of acceleration at that instant. If velocity and
acceleration are in the same direction, the speed of the particle increases.
If they are in opposite direction speed decreases. This is known as
deceleration of a particle.

The area under the v — ¢ graph for a given time interval is equal to the
displacement / (total distance) of the particle. For finding the total distance,
consider the negative area as positive.

Kinematic Equations for Uniformly Accelerated Motion :

v = v0+af where, x

g — initial position of a particle.

x=x,+ v+ %atz x = final position of a particle.
Ve — vt =2a (x—x) v,=Initial velocity
v = Final velocity of a particle.

Velocity of particle B with respect to particle A is v, = v, —v,. Velocity of

particle A w. . t. particle Bis v,; =v, — vy and v, =—v,

v
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| EXERCISES |

Choose the correct option from the givem options :

11

A car moves from one end of a semicircular path of radius r, to the other end
For this car, ratio of pathlength to the magnitude of the displacement will be

w ® n © ¥ ©) 2n

A person travelled a distance of 3 km along a streight line in the North direction,
then be travelled 2 km in West direction and then 5 km in Souoth direction. The
magnitude of the displacement of this person would be .......... .

(A) 22 km B) 3+/2km (© 4+21km (D) 10 km
As shown in Fig. 3.15, an ant
moves from poing P to Q along Q

the circular track of radius 1m.
If the ¢ime teken is 1 minute,
what is the average velocity

of the ant ? A bp
) %m gt B) %m gt

Ix 1 _
© {gom¢" @) ggms’

An object is thrown in vertically upward direction. Which of the following
velocity time graph is appropriate for it 7

S B

t / 1 t \\;
@ ®) © )
Figure 3.16

The change in speed of a car,
during 2 journey of the car for
2 hours, with time is shown in N

Fig. 3.17. The maximum v C E
acceleration of the car is in the
TeZION. .1 ree .

£(8) i

Figure 3.17
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o —

Fig. 3.18 shows the graph of
speed versus time for a moving
truck. What will be the distance
ravelled by wuck car in the last
two seconds 7

(A) 60 m
(B) 90 m
(C)20m
(D) 40 m
Fig. 3.19 shows the graph of
velocity versus time for a
moving particle. The

displacement of a particle in
time interval from 0 to 20s is

(A)O

(B) 60 m
(C) 120 m
(D) —120 m

v
(m's)
20 i
| i
15 | 1
I ]
10 1 1
I )
5 I I
| 1
1 1 >
1 2 3 4 5 6 7 s
Figure 3.18
v
; m)n
12
0 3 t(s)
10 20
-12
Figure 3.19

Fig. 3.20 shows the graph of velocity (V) of a moving object with position
(x). Which of the graphs shown in Fig. 3.20 (a) correctly represents the variation
of acceleration (a) with position (x) ?

.
v

Vo

X0

Figure 3.20

8 —»

-

4
o

X

(@) (b)

X—»

TJ

a

.

C
L4
X

oy
L%
>

(]

N

Figure 3.20

Note

C = v,. Therefore equation of line will be v = (—%) X =

obtain equation of acceleration.

h 4
o

X—

(c)

@

: From the graph, slope of line will be m = — % and intercept will be

'VO now

X—r
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9. The velocity time graph of a

body is shown in Fig. 321. y 1

What will be the ratio of the (™

average accelerations during the //

intervals OA and AB ?

1 60° 30°
(A) 1 ® 3 0 n —1(9)
© % (D) 3. Figure 3.21
10. The displacement of a particle is given by : y(f) = @ + bt + c* — df*. Hence,

the initial velocity and initial acceleration of the particle are .....ovv.. and vrvirivns

respectively. (a, b, ¢ and d are constants)

(A) b, — ad B) b, 2c )b, 2c D) 2c, —4d.

11. The graph of displacement versus time is shown in Figure 3.22 for a particle
performing motion on X—axis. From this graph we can say that...

(A) the particle is moving
continuously in N
X—direction, *

(B) the velocity of the

particle increases up to
time £, and then become
constant.

(C) the particle is stationary.

(D) the particle travels with >
constant velocity up to o !
time 7, and then its
velocity becomes zero. Figure 3.22

12. The displacement (in metre) of a particle varies with time (in second) according

o the equation : y = —% £ + 16t + 2. How long does the particle take to

come to rest ?

(A) 12 5 (B) 8s )y 1os (D) 10 s

13. The position of an object varies with time f as x = af* — b*. At what time
will the acceleration of the object will become zero ? (Where @ and b are
constant)

& 2 ® 2 © 2 ©) zero

14, Displacement of an object is related to time as x = at + b — ct® where, a,

b and ¢ are constants of motion. The velocity of the cbject when its acceleration
is zero is given by ........ .

bz
¢

bZ

b2 b2 s
Aa+ (B)a+¥ (C)aq-? D) a + y”
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15. An object ig allowed to fall freely from a cliff. When it travels & distance ‘h’,

its velocity is v. Hence, in travelling farther distance of .......... its velocity will
become 2v.
(A) 4h (B) 3h C) 2k D) h.

16. When a ball A is thrown in vertically upward direction with velocity v,, exactly
at the same time another ball B is allowed to fall freely, from height /. The
velocity of A with respect to B at time £ i3 .......... .

(A) v, ®) v, - 28t
© v, — gt ®) v — 2gh
17. The ratio of the distances travelled in the fourth and the third second by a
particle, moving over a straight psth with constant acceleration, is .......... .
7 5 7 3
A 3 ® 5 © 3 @) 7

18. A car, starting from position of rest, moves with constant acceleration x. Then
it moves with constant deceleration y and becomes stationary. If the total time
elapsed during this is #, what was be the maxinmm velocity of the car ?

@ 5o ® 315t
Ilyz xzy?
© 2,2 yzi‘ D) 2 _ 7 yzt

19. A car moving over a straight path, covers a distance x with constant speed of
v, and then the same distance with constant speed of v,. Average speed of a

car would be obtain by .......... formula.
v + v
@y =51 ® 7 = v,
2_1 1 1_1_1
OF=w *y (D)F_v1+v2

20. The x — ¢ graph of a body % A
moving in a straight line is @)
shown in Fig. 3.23. Which one
of the graphs shown in Fig.

3.24 represent the v — ¢ graph : .
of the motion of the body ? T3 4 6 8w
Figure 3.23
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A L
v v
m s~ m s~ B
L T T O 2 4 6 8
(a) (b)
A v N
v m s
m st
0 T T T } 0 ¥ i 1 ‘;
2 4 6 (s 2 4 6 8 )
@) (a)
(c) (d)

21.

24.

Figure 3.24

A ball is thrown in vertically upward direction. Neglecting the air resistance,
acceleration of a ball in air will be...

(A) zero
(B) continuously increasing
(C) remain constant

(D) increase when ball is going up and will decrease when it is coming down,

. A balloon starts rising from the ground with acceleration of 1.25m s~2 After

8 s a stone is released from the balloon. How much time will it take to reach
the ground ?

(A)2s (B)4 s {Cros (D) 10 s
. Fig. 3.25 shows the x — ¢ x A
graphs of car A and B, The
velocity of car A with respect 754 B
10 car B will be... 204 //” A
(A) +5m 5! T NE— 1
101 '
(B) —2.5m 57! I
5' |
—_ -1 T T ! T T :
(€) —5m s 0" 234 6 8 10 Is)
(D) +2.5m s~ Figure 3.25

In above question (No. 23), what would be the position of the car B with
respect to the car A at t = 0 7 (Assume that car B stants uniform motion
from ¢ = 0).

(A) +15 m (B -15m (C) -10m D) 25 m
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ANSWERS

1. (A) 2.A) 3D 4D 5 ® 6 ©
7. (A) 8.0 9. (M 10.() 1. @O 12. (A)
13.(C) 14.(C) 15. (B) 16. (A) 17.(A) 18. (B)
17. (C)  20. (D) 21.(C) 22.(B) 23.(B) 24.(B)

Answer the following questions in short :

10.

11.

What is the difference between average speed and average velocity.
What is acceleration ? What is its direction ?

What is braking distance ?

Can the x — r graph of a moving object be paralled to the position axis ?
When will the relative velocity of two moving cars be zero ?

An object is falling freely under the effect of gravitational force. What will be
the distance traveled by the objectin 1 s ?

What do the slope and the area under a v — ¢ graph represent ?

A ball is thrown up in air. What is the acceleration and velocity at the instant
it reaches its maximum height ?

In one dimensional motion, can an object has zero velocity and non—zero
acceleration at any instant ? Give one example.

Draw a nature of a graph of a velocity versus time and acceleration versus
time a for freely falling body.

What does the area under acceleration versus time graph for any time interval
represent 7

Answer the following questions :

1.

b2

'

un

Explain the difference between pathlength and displacement with the help of
an example,

Explain instantaneous velocity.
Explain x — ¢ and v — ¢ graphs for uniform motion.

Using the graphical method, obtain the kinematic equations for uniformly
accelerated motion.

Explain relative velocity.

Solve the following problems :

A motorcyclist covers % of a given distance with a speed of 10 kmh™, the

next % at 20 kmh™' and the last % at of 30 kmh™'. What is the average

speed of the motorcycle for the entire journey ?
[Ams. : 16.36 kmh™']

The distance between two stations is 40 km. A train takes 1 hour to travel this
distance. The train, after starting from the first station, moves with constant
acceleration for 5 km; then it moves with constant velocity for 20 km and
finally its velocity keeps on decreasing continnously for 15 km and it stops at
the other station. Find the maximum velocity of the train,

[Ans. ¢ 60 kmh™']
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10.

A monkey standing on the ground wants to climb to the top of a vertical pole
13m tall. He climbs 5m in 1s and then slips downwards 3m in the next second.
He again climbs 5m in 1s and slips by 3m in the next second and so on. Draw
the x — ¢ graph of the motion and hence find the time he will take to reach
top of the pole.

[Ans. : 9 5]
A motorcycle, starting from rest, moves with constant acceleration of
+2.6m s~2. Afier travelling a distance of 120m, it accelerates with —1.5m s~ till

its velocity becomes +12m s~ Calculate the total distance travelled by the
motorcycle during this journey.
[Ans. : 280 m]
A ball thrown in vertically upward direction aitains maximum height of 16m.
At what height would its velocity be half of its initial velocity ?
[Ans. : 12 m]
An object is allowed to fall freely from a tower of height 39.2m; exactly at the
same time another stone is thrown from the boitom of the tower in vertically
upward direction with a velocity of 19.6m s~! Calculate when and where these
two stones would meet ?
[Ans. : 2s, 19.6 m]
The motion of a body along a straight line is described by the eguation ;
X=F+42 -2 +5
Where X is in metre and I is in second.
(a) Find the velocity and acceleration of the body at t = 4 s.
) Find the average velocity and average acceleration during the time
interval from t = 0 to t = 4s.
[ Ans. : (a) v = 78m s'l; a = 32m s? b) < v » = 30m s'l,
< q>»=20m 5‘2]
A driver of train A, moving at a speed 30m ! sights another train B going
on the same track and in the same direction with speed 10m s He immediately

applies brakes that gives his train a constant retardation of 2m s~ What must
be the minimum distance between the trains in order to avert a collision ?
[Ans. : 100 m]
An object is moving with constant acceleration. Its velocity is 48m s~! at the
end of 10 second and becomes 68m s~! at the end of 15 second. What would
be the distance travelled by the object in 15 second ?
[Ans. : 570m]

The v — ¢ graph of a particle (n:*s;\

moving in a straight line is 12 p——————
shown in Fig. 3.26. Obtain the
distance travelled by the particle

from (@) t = 0 to &t = 10 s,
and from (b) f=2 s to 6 s. 0
[Ans. : 60m , 36m]

|3

10 1)

Figure 3.26
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A 120m long train is going from East to West with velocity 10m s™! A bird,
flying due East with velocity 5m s, crosses the train. Calculate the time
taken by the bird to cross the train.

[Ans. : 8 3]
If velocity (in m 57!y varies with time as v = 4¢, find the distance travelled by

the particle in time interval of t =2 s to t = 4 s.
[Ans. : 24m]

APPENDIX 3.1
DIFFERENTIATION

When the value of a quantity changes, it takes some time. For example, when
a bowl of water is placed on a hot plate, and suppose the temperature (T} of

water incereases from 30°C to 75°C in 5 minute. So, the average rate of
increase in its temperature, in this time interval is 9°C/min.

) AT 75°C —30°C
Average rate of change in temperature = A 5 min =

9°C/min

S°C/min is the time rate of change in temperature. But in order to find the
change in temperature at a particular instant, we have to use the concept of
Timnit.

Suppose, at time ¢ the temperature is T and at time # + Af it is T + AT
Thus, the change in temperature is AT in the time interval Af. Now taking the

A
time interval Af smaller and smaller in the ratio IT, we get this rate of

change nearer to the instant ¢, and by taking limit At — 0, we get the rate of

change of temperature at time £. Symbolically this is written as %

lim AT dT

© A0 A T T4

Here, % is called the derivative of temperature (T) with respect to time

(#). The operation of obtaining the derivative is called differentiation.

Suppose, a quantity y is a function of another quantity x. i.e. y = fix). When
there is a change in x, y also changes according to the function f(x). In order
to find the rate of this change (with respect to x) at any valve of x, we must

dy

d
find 7 at that particular “x’. In y versus x graph, ay gives the value of

slope of the tangent drawn at point x = x.
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Figure A
For the curve shown in Fig.(A),

the slope of the tangent drawn at a point P = fanf, = Q

dcl*=2

the slope of the tangent drawn at a point R = tan92 = Q

dx!*=%

the slope of the tangent drawn at a point Q and S = fan180° = 0.

&

From the Figures it is clear that the point at which % = 0, y is maximum

42
(point ) or minimum (Point S). If ) < 0 then y is maximum and if

dx

d*y S d®y  a ()
F > 0, then y is minimum, Here, ? = 7 ax |is called second

derivative of y with respect to x.

If we are given the graph of y versus x, we can find % at any peint of

curve by drawing tangent at that point and determine its slope. If no graph is
drawn but an algebraic relation between y and x is given in the form of an

equation, we can find % algebrically. Let us take an example.

Suppose, A is the area of a square with length L.

Therefore, A = L%

If we increase the length by AL, the area will also increase by AA. The new
length of the square will be L + AL and new area will be A + AA.

A+ AA= (L + AL =12 + 2L AL + (AL)*
o AA=2 LAL + (ALY (A =13

AA
SOAL = 2L + AL
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Now, if AL is made smaller and smaller, 2I. + AL will approach to 2L.

dA lim AA
Thus, JL - AL—0 AL = 2L
. : dy . .
Following table gives the o for some important functions.
dy dy
Y dx y dx
x" nx™! sec x sec ¥ tan x
sin x cos X cosec x —cosec X cot x
Loy 1
cos X —sin? x Inx o
tan x sect x
cof x —cosec’ x & e
sin kx k cos x a* aina
cos kx -k sin x

Working rules of derivatives :

1. %(k) = 0 (where, k is a constant)
d
2 a(x)—l
dop = 1 D :
3 dx(ky) =k =% where k is a constant.
. dy _du  dv
4 Ify_uiv’ﬂlendx—dxidx
dy _ v du
5 Ify—uv,thendx—udxivdx
o vy
_k a9 _ " dx dx
6 Ify_v’[hmdx vz
& _d  du
R~ el =

: 4 3 dy
Tlustration : For y = x* + T~ 72 fnd -

4 3
ye=Esp - &
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-1
= gx () i(4x2)+ gx (-3x%)

=l

=
= 2x 2 + 6x73

APPENDIX 3.2
INTEGRATION

Standard formulae are available to find out the area of regular shapes like
triangle, square, rectangle, circle, etc. Here, we shall study a method to find
out the area of an irregular shape and during this study we shall get some idea
regarding integration.

Suppose, some quantity y is a function of a variable quantity x, ie. y = fix).
Suppose the graph of y — x is as shown in Fig. (B).

Here, we want to find the area (PQRS) under the curve enclosed between
X =X, and x = x,

N
»
y = fx) R _
T
_____ ° LI
P Vo S 2
Ao X; X, Xy
Figure B

For this purpose we divide the area between x,, and x in N strips, each of
infinitesimal width Ax.

From the Fig. (B) it is clear that the sum of areas of all such strips is the
required area.

For the first strip (x, o x, = x, + Ax) taking f{x) = fix,)

area AA, = fix)Ax.

For the second strip (x, 10 x, = x, + Ax) taking fix) = fix,),

area AA, = fix )Ax.

Thus, total area obtained by taking sum of the area each strip is,

A = flxdAx + fix)Ax + .. + fix)Ax

N
= 2 fx)Ax (1)

i=1l
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But this area (A) will be slightly different from the actual area (A) which we
want to find. The reason is as follows :
AA, = fx )Ax is the area of the rectangle PQUYV, but the required area is of

the strip PQTY. Thus, in the first step the calculated area is somewhat less
than the true area of the strip. Same will happen for the other strips also.

It is obvicus that as we keep on increasing the number (N) of such sirips
(i.e. decreasing the width Ax), the difference between the calculated area and
the actual valve will keep on decreasing. And by taking the width of strip
Ax — 0, we can get the exact value. Symbolically,

. N
fim Ef( X ) x

A= y 50 ~«
i=l

[ ¢ x v
= X
%o
Thus, it can be said that the limit of summation is integration.
x
N
-Ln S x )dx is the continuous sum at f(x) over x, from x = Xy 10X = X

It is called the (definite) integration of f{x). Over x from X, to x,,. Integration
is a reverse process of differentiation.
Integrals of Some Standard Functions :

fix) F(x) = _[f ( x )dx fx) F(x) = _[ GRS
n+1 n+ 1
n X " l(ax"'b)
X m_|_]+1:' (ax + b) 5wl +c
n=+1)
% Inx+c sin x —cos X+ ¢
& e+ ¢ cos X sinx+c
& %e’“+c sin kx —%cosx+c
a 1
a m+c cos kx Esinkx+c

In this table ¢ is an integration constant. (definite) integration done between
definite limits has got a definite value e.g.,

e
1 & _ 1 4 ornd
[ P [41—4[(4) (m*]

i
2(256 -1)

63.75
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t -
[lustration : Evaluate IUASIH wt dt

1
! —_
Solution : _i[OAsinwr dr = A[%W]O R

Qu

Nlustration : Evaluate .[R 7‘1” Where G is a constant.

< GMm = ]
Solution : jR _x2 dx = GMmJ'R x—zdx

e

on ]

After getting this primary information about differentiation and integration, Now
we will now obtain the kinematic equations for uniformly accelerated motion.

Iustration : Obtain the equations of motion for uniformly accelerated motion
along a straight line, using method of calculus.

Solution :
(1) Relation Between Velocity and Time :
According to the definition of acceleration,

- &
¢= I
dv = adt

Now, at 1 = 0, velocity is v = v and at £ = ¢, the velocity of an object is
v = v, Taking integration on both the sides of the equation,

v

&
1

[

Yo

—
h
—
=
Il

af ¢ ]’0 (a is constant)

YV — v =a
orv =y, + at (1
(2) Relation Between Position and Time :

According to the definition of velocity,

o L
dt
. dx = vdt

At t = 0, the position of an object is x; and at £ = ¢ object is at x.
Taking integration on both the sides of the equation,
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J‘:; dx — I;Vdf

= J';( v, + at )dt

= _[;vodt it L;at dt

eE,

Alxl=wle] +a[ s ]

.'.x—x0=vot+%at2

1
or x = x,+ vt + Eaﬁ

(3) Relation Between Velocity and Position :

dv _dv  dx _ v dx
iy PR A £ S

. adx = vdy

(from eq.. (1))

@

when x = x, the velocity is v = v, and when x = x, the

velocity is v = v

. I;: adx = _ll;; vdv

L i _[:vdv
Q

o
o
w
e
Il
1
0 S
| —
L

% Yo
alx — xy) 2 - TJ

.‘.2‘51(.1r—.1r9)=|f'2—v20

3

Equations (1), (2) and (3) are the equations of motion for constant acceleration,
The advantage of this methed of caleulus is that it can be used for motion

with non-uniform acceleration also.
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MOTION IN A PLANE
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Null or Zerc Vector

Unit Vector
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Vectors

Instantaneous Velocity
Acceleration

Relative Velacity

Equations of Motion in a
Plane (Two Dimensions)
with Constant Acceleration
Uniform Circular Motion
Projectile Motion

* Summary
* Exercises

4.1 Introduction

Dear students, we have learnt about the concepts of
displacement, velocity and acceleration which are necessary to
describe the motion of a body on a straight line path (one
dimension). We have seen that in one dimension there are only
two possible directions and hence the directions are automatically
taken care of by using Ace positive (+) and negative (—) signs,
But to describe the motion of the body in two dimensions (in a
plane) or in three dimensions (in space), a vector is needed. For
this, what a vector is how should addition, subtraction and
multiplication of vectors be carried out, what is the result on
multiplying a vector with a real number, need to understand etc.
We will use vector to define velocity and acceleration in a plane.
Then we shall discuss the motion of the body in a plane. We
will discuss the motion with constant acceleration as a simple
case of motion in a plane and the projectile motion in detail.
The circular motion being very important in our day to day life,
we will study uniform circular motion also in detail.

The equations obtained for the motion in a plane can be
easily transformed into those of motion in three dimensions.
4.2 Scalar and Vector Quantities

In physics, quantities are classified as (1) Scalar quantities
and (2) Vector quantities. The basic difference between the
scalar and vector quantities is that with scalar quantities, direction
is not involved while the direction is involved with vector
quantities.

The quantities for which, complete information is obtained
by knowing their values only are called scalars. e.g.
temperature, time, mass, density, volume, work etc. A scalar
is represented by a number showing its magnitude in a proper
vnit. The combination or associations ofr scalar quantities
follow the laws of ordinary algebra. Addition, subtraction,
multiplication and division can be done like those of usual
numbers.

The quantities, which need the direction as well as their
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values {(magnimdes), to be completely known, are
called vectors. e.g. velocity, acceleration, force,
torque, area, displacement etc,

A vector quantity is represented by putting
an arrow on the symbol of that quantity or as
a bold letter. For example, the force vector is

-
shown as F or F the velocity vector is

—
represented as v or v. The value of the vector

quantity is shown by putting the symbol of that
quantity in modulas (i.e. between two vertical
bars) or by writing that symbol without the

—
arrow, ¢.g., The value of A is shown by

| K | or A. The vector quantities obey specific
laws of combination.
4.3 Presentation of vector by graphical or

geometrical method

To represent a vector quantity geometrically
an arrow is drawn such that the length of this
arrow is equal to the value of this vector
quantity on a proper scale. The head of the
arrow is put in the direction in which the effect
of this vector quantity is prevailing. This arrow
can be drawn from any point. Such vectors are
called free vectors. e.g. A train moves with a
velocity of 40 km/h South to North direction.
To represent this velocity vector, as shown in
Figure 4.0, draw an arrow from South to North,
Keep the length of the arrow proportional to
the value of velocity 4.0cm (taking the scale
of 10km/h = 1cm). Since the motion is in North
direction, put the head of the arrow in North
direction. Point O is called the tail of the arrow.
Thus this velocity vector is represented as

4.4 Position and Displacement Vectors

To represent the position of a body we have
to mention the reference point which is usually
taken as the origin of coordinate axes. Suppose
a body moves along the path PQRS as shown

in the Figure (4.1). At time {, it is at point Q.
The vector JQ = E formed by joining the

origin O with the point Q is called the position
vector of the body at time f,. Suppose at time
t, the body reaches the point R. Then, the

—
vector OR = ;_-; formed by jeining the origin

O with the point R is called the position vecior
of the body at time £, During time t, — ¢, it
reaches from Q to R, Hence its displacement

vector is shown by Q_ﬁ .

Here a noteworthy point is that the value
of the displacement vector is the minimum
distance between the initial position and the final

position.

Y
4 S
R
Q
—
r -
1
"
I)
0 > X
Figure 4.1

4.5 Equality of Vectors
Equal Vectors : If the values and the

— —
v= 0OP. directions of two vectors are equal, then they are
P4 (Head) called equal vectors, (Fig. 4.2 @)
P ]
P Q '
v s y S 7
S8 YA A
Q S 0q
0O | (Tai)
(a) (b) (©)
Figurc 4.0 Figure 4.2
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Parallel Vectors : The vectors with the
same direction are called parallel vectors. (The
magnitudes of such vectors can be equal or
different). See Fig. 4.2 (a).

Antiparallel Vectors : The vectors having
mutually opposite directions are called antiparallel
vectors. Fig. 4.2 (b)

Aparallel Vectors : The vectors which are
not parallel or antiparallel to each other are called
aparallel vectors, Fig. 4.2 (c)

4.6 Vector Algebra

4.6.1 Multiplication of Vectors by real

numbers

Multiplying a vector guantity by a real
number, the results alse in a vector only.

_)
Multiplying a vector A with a positive number

-
k, the result is vector (A whose value is k

>
times that of vector A .

- -
kA 1=k A iftk>0

-
When we multiply a vector A with a

N
negative number —k, the result is —k A ; the
direction of which is opposite to that of vector

- —
A and its magnitude is [ KA |

The coefficient k which is multiplied with

_‘
vector A can also be a scalar with its physical
dimensions. Hence the dimensions of the resultant

=y
vector kKA, are the product of dimensions of &k

and the dimensions of K . ¢.g. The product of a
constant velocity with a time interval gives
displacement vector.
4.6.2 Addition and Subtraction of Vectors
Graphical or Geometrical Method
Two vectors are geometrically added as
shown below

5 < ?
/P';-\-B

—

B
—= 7 ® ¢

(a) (b)
Figure 4.3

- -

Suppose vector A and B shown in (Fig,
4.3 a) are o be added.

For this, as shown in Figure (4.3 b) starting

5
from any peint O, draw a vector QP which has
—

the same magnitude as that of A and is in the
- - d =

direction of A . Thus QP = A. Now draw PQ

- -

= B by putting the tail of vector B on the head
Y

P of vector QP . Then, the vector formed by joining

—

the tail O of vector A to the head Q of vector

- -

B is the resultant vector R showing the addition

- Y - - — =
of A and B.ie. A+ B =0Q =R.

In this method of addition of vectors, the two
given vectors and their resultant form the three
sides of a triangle, hence it is also called the
method of triangle for addition of vectors.

From some point O, draw two vectors SP

Y - —
and QR representing vectors A and B respect-
vely. Now considering OP and CR as adjacent

sides of a parallelogram, complete the
parallelogram OPQR, as shown in the Fig. 4.4.

R Q

Figure 4.4

— -3 -
Here it is clear that OR = PQ = B . The

diagonal OQ of this parallelogram drawn from

_’
the point O becomes the resultant vector R

-
of the addition of vectors A and ]_3: i.e.
-3 - -
0Q = A + B.
This method is also called the method of
parallelogram for addition of vectors. (We will
discuss this method in detail in article 4.9.4)
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4.6.3 Subtraction of Vectors
Suppose we want to get subtraction of

- -
A and B, which are shown in Figure
4.3(a).

- - - =
Since A — B = A + (—B), the meaning
— -

of subtracting vector B from vector A, is to
-
add —B (a vector with the same magnitude as

- —
that of B but in opposite direction) into A .
See Fig. 4.5.

—_—
0 A P
X /,
\
SN -B
Q
Figure 4.5

In the method of parallelogram, the
diagonal formed by joining the points P and

—

— -
Q in Fig. 4.5 shows PQ = A — B (verify

— -
this by yourself). Also verify that A — B #
- -

B - A.
- -

Illustration 1 : Two vectors A and B,
make angles of 40° and 120° respectively

— -
with the X—axis. If | A l=6and | B |=5
unit, find the resultant vector of these two
vectors,

v

(b)
Figure 4.6

—
Solution : The two given vectors A and

—)

B are shown in the Figure 4.6{a). To obtain their
addition, draw X—axis from some point O on a
graph paper. (See Fig. 4.6 (b)) Taking a proper

- -
scale, draw vector OP representing A, and on
_}
the point P of this vector put the tail of vector B
=
and draw PQ = B.

—
Joining O and Q, we get OQ, which in the

- - - —+
resultant of A and B, i.e. OQ = R . Measuring

the value of the resultant vector 0_)Q, with a scale,
it is found as 8.4 unit. This resultant vector makes
an angle of 75.5° with X—axis.
Hlustration 2 : River water flows at
40 km/h. In this river a fisherman tries to
drive a motorboat at 3¢ km/h perpendicular
to the bank of the river. Find the resultant

velocity of the motorboat and its direction with
respect to the bank.

Solution : In Figure 4.7, the velocity of flow

-
of water is shown as v, and the velocity of

—
motorboat as Vg, -

L 4

W

v

Figure 4.7
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Using the method of triangle for the addition

of vectors; the resultant velocity of these two

—
velocities is shown as Vg -

It is clear from the figure that

. T L P
Vr =J v, | Tl
= J( 40 Y + (30 )?
=50 km/h
[fv_; makes an angle 8 with the bank, it is

clear from the figure that,

e—v—b—ﬂ—ms
tan 6 = 3" = 75 = 0.

5 8 =tan 075 = 37°

Thus the resultant velocity of boat is S0km/hr
in the direction making an angle of 37° with the
river flow.

4.6.4 Properties of vector addition

(1} Addition of vectors is commutative but
Subtraction of vectors is not.

- -

- -
A+B=B+A.

- — — —
A-B=B-A
(2) Addition of vectors follows associative law.
— - - — - b
ie,(A+B)+C=A+(B+C)
4.7 Null or Zero Vectors

The vector obtained by adding two vectors
of equal magnitude (value) and but of opposite
directions is called null or a zero vector and it is

- - - -

shown as 0. Thus A — A = 0. As the value
of zero vector is zero its direction cannot be
shown. e.g. the acceleration of a train moving with
constant valocity is zero vector.

4.8 Unit Vector

A vector of unit magnitude is called a unit
vector. A unit vector is symbolically expressed as
A (Read : » hat or n carat). By dividing any

vector by its value, we get a unit vector in the
direction of that vector. e.g. in the Fig. 4.8, vector

-

ﬂ
A is shown and suppose | A | = 6.

Y
-

A

%3

Figure 4.8
If we show the unit vector in the direction of this

vector as 71, , then

(4.8.1)

Thus any vector can be expressed as a
product of its value (magnitude) and the unit
vector in the direction of that vector.

- -

A=I1AI r’iA = Ar'iA (4.8.2)
In the Cartesian co—ordinate system, the
unit vectors in the directions of X, Y and

Z-axes are expressed respectively as ;, j and

%k . The vectors shown in the Figure 4.9 can
be written as :

- P A
B =4fs C =2,}
- ~ ]
A =47 +2) (4.8.3)
Y
»
4
3.
2t
o £
—
.B — » X
0 1 2 3 4 5 6
Figure 4.9

4.9 Resolution of a Vector in a Plane

As shown in the Figure 4.10 a, consider two
— - .
non—zero vectors g and p ; besides another

- -
vector A in the same plane. The vector A
can be represented as combination (addition)
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of two vectors, one obtained by multiplying the

vecior g with a real number A and the other by

multiplying vector § with a real number L. To
verify the above statement, draw a line parallel to

a and passing through the tail O of vector K
Similarly draw another line parallel to b and passing

-
through the head P of A . If these two lines interect
in Q, then from Fig. 4.10 5.

P
}\ A Y
E?“» 0
Aa Q
(b)

(a)
Figure 4.10

-+ - b

A =QP=0Q + QP 4.9.1)

- - —
But OQ is parallel to ¢ and QP is parallel
—_

to b, hence we can write,

OQ =Ag and QP =13 4.9.2)

_’
This is called the resolution of vector A in

—
the directions of 3 and p, in the form of vector

—3 -3
components Ag and L} .
Where A and W are real numbers.

S
“ A=kg +1p 4.9.3)
Thus a given vector can be resolved in such

a way that its two vector components remain in

the direction of two given vectors and all these

three vectors remain in a plane.

In the orthogonal co-ordinate system, a given
vector can be easily resolved in the directions of
the axes vsing unit vectors.

4.9.1 Perpendicular components of a

vector

—
In Fig. 4.11, a vector A is shown in two

dimensions. From the head and the tail of this
vector perpendiculars are drawn on X— and Y—

—
axes. By doing so, we get PQ = projection of A
on X—axis or the scalar component (A,) of vector

A in the direction of X—axis, MN is the projection
—
of A on Y—axis or the scalar component (Ay) of

_)
A in the direction of Y—axis.

Y

L
Ng N’

A, g
8 ’
M > Q
0 P A, Q.
Figure 4.11

Now, from the law of addition of vectors,

- - -

A=PQ +QN=PQ+MN 494

- - e}
A=A;+ ‘%’] (4.9.5)

s -
Here, A = A, = vector component of

—

-
vector A in X—direction. A),} = Ay= vector

—

component of vector A in Y—direction.
From Figure 4.11 in AP'Q'N'

cos = % = % {4.9.6)
S A =Acos9
Similarly A = A cos (90° - 6)

Ay =Asin® 4.9.7)

From this, we can say that the component of
a vector in any given direction is equal to the
product of the value of that vector and the cosine
of the angle made by that vector with that given
direction,

Thus any vector can be resolved in two
mutually perpendicular components.

A vector can be described in two ways :

(1) by the magnitude (value) of that vector
and the angle made by it with a definite
direction or
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(2) by the components of that vector.
In the AP'Q'N’, in Fig. 4.11,

Al =P'N'= f(PQ ? + ( QN 7

= JAZ + A}

Thus the magnitude (value) of any given
vector is equal to the square root of the addition
of the square of its matually perpendicular
components, For the direction,

(4.9.8)

7 an] A
tan @ = % = A—” (4.9.9)
X
AJ’
0 = tan™! el {4.9.10)

where O = angle between the vector K and
the x—axis.

In the discussion so far, we have only
considered the vector lying in the XY plane. In a
similar way a vector in three dimensions can be
resolved in three mutvally perpendicular
components (in directions of X, Y, Z—axes)

The component of a vector representing a
physical quantity, in any direction shows the
effectiveness of that physical quantity in that
direction. e.g. If as shown in Fig 4.12 a body
makes a displacement of 5 m from A to B. Then
it is clear that the distance travelled by it in
horizontal direction is (A to C) 4m and the distance
travelled by it in the verticale direction
(C 10 B) 3m. From Fig 4.11, in AP'Q'N’,

B

5m 3m

4m

C
Figure 4.12

—_

In the Fig. 4.13 a vector A in three
dimensions is shown. The projection of this vector
on the XY plane is OQ. By drawing the

perpendiculars from the point Q con the X and
Y-axes, we get the x and y components of vector

o
A onthoseaxes,asON=Axand0M=Ay
respectively, Looking three dimensionally we find
that PQ =RO = A,

Z
M
R
\.\\\% P
A, | A
O AY M -

Figure 4.13
Now according to Pythagoras theorem,

0Q* =MQ* +OM* = A’ + A" (49.11)
and OP* = OQ? + PQ?

N - 2 2 2
SLOP = A4 A+ A (4.9.12)

_’
= 2 Z 2
|ARP= A2+ A%+ A

=
S lAlL = \Isz + Ayz + Azz 4.9.13)

—
In three dimensions vector A can be written

- ”~ "} o
as A=A +AJ +AL
Another way of writing the very same vector

-
A,is

-

A =(A, Ay, A)

If the co-ordinates of a point are (x, ¥, 2)
then, its position vector can be written as

T =xl +yi vk =y, 4914

-
Here x, v and 7 are the components of r in

the directions of X, Y, Z axes respectively. The
value of this position vector is

-
r

_ Y+ P+

(4.9.15)

4.9.2 Addition and subtraction of vectors
in Algebraic or analytical method :

We have learned the geometrical method for
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addition of vectors. This method is convenient for
addition of two or three vectors, but when large
nurber of vectors are to be added this method is
tedious and has limited accuracy. In such
circumstances the algebraic method of vector
addition is more convenient,

We have already seen that a given vector
can be resolved in mutuwally perpendicular
components. Vectors can be easily added by
combinity the components of vectors. Suppose

- -
A and B are in the XY—plane, and their

components are A, Ay and B, B, respectively.

= A '!
A=A+ Ay} (4.5.16)

—
and B =B,] +B,] 4.9.17)
If the resultant vector of the addition of these

N
two vectors is represented as R then,

—_

- -
R=A+B
o it} A T
= (A +AJ)+®,] +B,]) 49.18)

Additon of vectors is commutative and it also
follows the associative law, Therefore,

—_

R=@A+B) +A + By)}(4.9.19)
- A ]

Moreover, R = Rx;‘ + Ry;

hence R, = A, + B, Edey=Ay+B}r

Thus every component of the resultant vector
is equal to the sum of the corresponding

- -
components of A and B.
In three dimensions,
- - .
R=A+B =(A +B){ +
A, +B)] + @A, +B)k (4.9.20)

We will now illustrate, how the algebraic
method for addition of vectors is easier, then
the geomatric mathod.

-5 a
Tustration 3 : If A =27 + 3] + 4k

—* ~ ~
and B =4§ +5j +3k; find the magnitudes

- - - -
of A+ B and A — B

+

1

= J62+ @+ (7)?
= 12.2 unit

% b d —> ~ S ~
Solution : A + B =67 + 8 + 7k
—_
’, B

= " - ~
A-B=-2;-2j+k

- -
| A~ B

= J-2)2 + (-2)*+ (1)
= 3 unit
- -
Mlustration 4 : Add vectors A and B
shown in the Fig. 4.14 by the algebraic method.
- -
|A| = 10 unit; |IBl = 8 mmit.

Solution : For this we will determine the X
and Y components of both the vectors.

A =Acos 30° =10 cos 30°
= 10 X 0.8660 = 8.66 unit
B, =B cos 60° = 8cos60° =8 X 0.5
= 4.0 unit
Y
F, 8
—
B
—
A
60°
0
30 X
Figure 4.14

A, = A sin 30° = 10 sin 30°

= (10)0.5) = 5.0
B},=Bsin60°=83in6{}°

= (8)(0.8660) = 6.928 = 6.93

-
If the resultant of these two vectors is R,
then

R, = A +B, =866+ 4.0 = 12.66
R,=A, +B,=5+693=1193
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—
»*» The magnitude of the resultant vector R is

2 2
R, + R,

= J12.66)* + (11.93)

= 17.4 vnit
Suppose the resuliant vector makes an angle
O with the X—axis, then

—
IRI =

o 0 =tan 09423 ~ 43° 8"

This process can be made easier in the
following way. As we can take the X and Y-axes
in any way convenient to us,.

-
Let us take X—axis in the direction of A.

—
Hence the angle between A and X—axis becomes

N
zero and the angle between B and X-—axis
becomes 30° Fig. 4.15.

In this condition,

A, = A cos 0 =10cos 0° =10
B, =B cos 30° = 8(0.8660) = 6.93
Ay=Asin 0° =10sin0° =0

B,=B sin 30° =(8) (0.5) =40

Y
T X
0 .
30 A
Figure 4.15

s~ R =A +B_ =10+693 = 1693
R =A+B = 0+4=14

R2+R?

—
~ IRl = R, y

J(16.93)* + (4)
17.4 unit

Varify the direction of the resvltant vector
yourself.

Ilustration 5 : Find the resultant vector
of the three vectors shown in the Figure
(4.16).

Solution : We will first find the x and y
components of all these three vectors and then
obtain the resultant vector by addition of the

comresponding components.
Y
L
&
-
— C I 4 0]]1
A B
100m " 6.0m
///11 300
o »X
Figure 4.16

- - -
Taking x—components of A, B and C we
get,
A= Acos30° = 10cos30°
= (10)(0.8660) = 8.66
B, = Bcos0® = 6cos0° = 6
C, = Ccos90° = dcos¥° =0

- o -
Taking y components of A, B and C, we
get,
‘% = Acos60’ = (10){0.35) =35
By = Bcos90° = (6)(0) = 0
C, = Ccos0® = (4)(1) = 4

If we write the resultant vector as 1_{), then,
R,=A +B,+C,
=866+6+0=1466
Ry=Ay+By+Cy
=5+0+4=9

-
The value of R is,

= J(14.66)> + (9 =172m
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-
If R makes an angle O with the X—axis then,

Ry 9
tan 0 ﬁ = 1466 = 0.6139
o B =tan?! (0.6139)
=31° 27

Illustration 6 : If the summation of the
three vectors shown in Fig. 4.17 is zero, find

- -
magnitudes of the vectors B and C.

Figure 4.17
Solution : Taking x components of these
three vectors

A =Acos2I0°=0
Bx=Bcosﬂ°=B

C,=Ccos 135° =—4C
Now, taking the y components of these

-+ = -
vectors A, B and C
Ay=Acos 180° = —-A
By=Bcas90°=0

— _ L
Cy—Ccos45°— ﬁC

—_

If the resultant vector is denoted by R
- - - =
andsince R = A+ B + C,

_ _ 1
R,=A,+B +C =0+B-F C

Ry=Ay+By+Cy=—A+{]+j§ C

It is given that the magnitude of the resultant

—_
vector R is zero. Hence the magnitudes of its
components should also be zero. So,

Rx=0+B—%C=0=>B=$C

L~ _ L
Ry=—A+0+ 5C=0=A=7C
~A=B

—
As shown in the figure | Al = A = 5m

AC=AJ2 =5{2m

and B=A =5m

Ilustration 7 : As shown in Fig. 4.18 six

- =

e -
vectors A, B, C, D, E, and F form a
regular haxagon. Using the algebraic method
of addition of vectors shows that their resultant
is zero.

Solution : Since these vectors form a
regular hexagon, their lengths are the same.
Suppose, this length is P. Hence, A = B =
C=D=E=F=P

Taking X and Y axes as shown in the figure
and taking x and y component of these vectors,

Figure 4.18
From the Fig. 4.18,

—al
=cf + b

=—C§+b}

ol Al Wl =l

=-a

=—ci - b

ml
|
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=c - b

1 =)

- - - - -
A+B+C+D+E+F

=(al)+ (el + b))+ (~ci+ b)) +

(-af ) + (-ci + bj) + (cf—bj) =0

When the vectors form a close loop then
their vector addition is zero.

4.9.3 Law of parallelogram for addition of
two vectors

“If a parallelogram is completed by taking the
two given vectors as adjacent sides, then the
diagonal of the parallelogram drawn from the
common point, gives the addition of the two given
vectors.” And the cther diagonal shows subtraction
of the two vectors. As shown in the Fig. 4.19

- -+
the given two vectors A and B are taken as

adjacent sides of the parallalogram OP and OQ
respectively and parallalogram QQRP is
completed. Here 0 is the angle between vectors

- = -
A and B. Diagonal OR is a resultant vector R

- - -
= A + B = OR. This can be seen in the
following manner.

Figure 4.19

_)
Suppose A is in the X—direction

= Y = A b3
A=A ;ad B =B; +B,J
= Algebraic method gives

g - -~
R=Axi +Bxi +B

L}
yJ
=(A,+B)] +B,J

-
~ | R

y (4.9.20)

=[CAc+ B P+ Byz]%.

1
- 2 2 215
=[A2+2AB, +B!+B!]2

—
If resultant R is subtending angle O with

B,

-
vector A then tanQ = A, + Bx

By

A, + B,

From the geometry of the Figure.
B,=PN=BcosOand B =NR=B sin 6
(49.22)

. OL=tan! 4921)

But A, =Aand B’ + B’ =B
- 1
.‘R’=[ A2+B2+2ABx:|2
Now B, = B ¢os o
S 1
~| R =[ A? + B? + 2AB cos 9]2
4.9.23)

- -
If resultant R is makes angle o with A i.e.
with X—axis then from Fig. 4.19.

__ RN __ B
wrt="GP + PN ~ A, + B,
__Bsin®
" A+ BcosH
B sin 0

so=tn! A +B cos 0 (4.9.24)

Thus from equations (4.9.23) and (4.9.24)
(using Law of Parallelogram} magnitude and

= -
direction of A + B can be obtained respectively.

- —
Try yourself for A — B and obiain

" 1
|R =[ A? + B? — 2AB cos 9]2
B sin 6
— pan-l
and O = tan A-Bcos 8

Where 9 is the angle between X and —B> .
4.10 Multiplication of Two Vectors

Vector quantities have both magnitude and
direction, Hence their products do not obey
ordinary laws of algebra. By taking product of
two vector quantities in a specific way a new
physical quantity can be derived. The quantity
derived this way may be a vector quantity or a
scalar quantity. If the product of two vector
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quantities results into a vector then the product is
called a vector product and if it results in to a
scalar then the product called a scalar product.
Here one may understand in general that of
product of two vectors means specific type of
combination of two vectors which looks like a
product. Thus vector product can be carried out
in two ways (1) scalar product (2) Vector product.
4.10.1 Scalar products of two vectors

-
The scalar products of the two vectors A

—_
and B is defined as follows :
g - g g
A B =1IAl |IBlcos 6

= -
. A - B =AB cos ¢ (4.10.1)

- -+

Where 0 is the angle between A and B.
Such product is represented by keeping a dot
{*) between two wvectors, it is also called dot

product.

To obtain scalar products of two vectors
shown in Fig 4.20.(a), draw these vectors from
the common point O as shown in Fig 4.20(). Now

-
draw perpendicular from the head of the A on

- - -
B . Hence OM is called projection of A on B.

»)

(a) (b)
Figure 4.20
From equation (4.10.1)

"
A B =ABcos B

- =
s A - B =B(A cos 0)
From Fig. 4.20.(b)

oM
A

(4.10.2)

cos O =

. OM = (A)cos 6) (4.10.3)

- —
. A+ B =BOM)

- - -
= (magnitude of B) (Projection of A on B)
(4.104)

5 S
or A - B= A(B cos 9) = A(ON)
-
= (magnitude of A) X

- -
(projectionof B on A) 4.105)

Thus, the scalar product of two vectors is
equal to the product of the magnimde of first
vector with the projection of second vector on
the first vector.

4.10.2 Properties of scalar product

(1) Commutative Law :

- = - =
A-B =ABcos 9=BAcos 8= B-A
4.10.6)
Thus scalar product of two vectors is
commutative
(2) Distributive Law :
As shown in Fig. 4.21

- =

- - - -
OP = A, OQ =B and QR = C Now,

R
[22
Q
2
R
— Q
B
—_— ::P
0 ™M N —
Figure 4.21

K . (E + (_j>)=(magnitude of K)
[projection of (B + C) on Al
= JAI(ON)
= |AI(OM + MN)

= 1A [(OM) + | A |(MN)
4.10.7)

- -

= = - - =
s A+ (B + C)=1AI (projection of B

- - - -
on A)+ | Al (projection of CC on A)
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— - - — - — -

A-(B+C)=A -B+A-C

(4.10.8)

Thus scalar product of vectors is distributive
with Tespect to summation.

> -
@IAILEB,8=0

- o
A-B=ABcos0°=AB (4109

- - - -
Also A - A=1A| |Al= A?

- -
IAl=VA - A 4.10.10)

Thus the magnitude a vector is equal to the
square root of the scalar product of the vector
with itself.

— >
49K A LB 0 =90°:

-

A E = AB cos 90° =0

Thus the scalar product of two mutually
perpendicular vectors is zero.

(5) Scalar products of unit vectors in

Cartesian co—ordinate system :

A~ A

f.f:}_}:k.k:laﬂd

Y

fi=jk=ki=0 (4.10.11)
(6) Scalar product in terms of Cartesian
Component of vectors :

2 ~ ~ o g A
fA=A7+Aj+AkadB=Bj
- A
+B,J + B,k
e d - ~ - ~
A.B=A +A ] +Ak).
®,7 +B,] +Bk)

- -
A.B=AB +AB +AB,

(4.10.12)
(7) Angle between two vectors
- - - =
A . B =1Al IBI cos0
"
A-B
. eos 0= 5
Al IBI
AB. + A AB,
Ay + (4.10.13)

JAZ+A2 + A2 B2+ B +B]

The angle between two vectors can be found
out using this formula.

Tllustration 8 : Find the scalar products

% "~ -~
of two vectors A =27 + 3] — 4k and

—

B=;+]-3%

-
Solution : A - B =‘&JrBJ",+A"&J,B;‘,+A‘Z Bz
=2+3+12
= 17 units

Illustration 9 : Find the angle between

- b A
two vectors A = =2 + 2j — 4k and

—

B =2{ +4] -2k
Solution :

AB, + AB, + AB,
JA,f + A+ AR JB,,’ +B, + B/

cos 0 =

s =

1A

lustration 10 : If vector A= 4] — 6}

Py i = A
+ 2k andB=6i+8}+mk are
mutually perpendicular, find the valoe of m

- -
Solution : As A and B are perpendicular

- -
to each other A . B

0

- -
A.B =AB +A B +AB =0
=24 —48 +2m =0
S 2m =24
m=12

Ilustration 11 : The co-ordinates of a
point P in (x, y) plane are x and y. The position

Y
vector r , of this point, makes an angle 0 with

the X—axis. Find the unit vectors #, and 7

{in XY plane) which are parallel and

-
perpendicular to r respectively.
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0
Figure 4.22
Solution : By definition,
—

r X+ Y

— =
Irl r

A =

j

1]
L BE
~ |\

. B >
. n, i+

or A, =cos O +5in 0, 7 (From Fig. 4.22)
?
The vector, obtained by rotating A, by 2

would be perpendicular to 7, , We denote ¢his

new vector by ﬁa

F 1 ).
ﬁa=m[0+5);+,m(ﬂ+5]1

~ Ay = —sin® | + cosO j

4
Note:Hae.BisinaeasedbyEinanti-

clockwise sense.
4.10.3 Vector product of two vectors

—
The vector product of two vectors A and
B is defined as
_’

- - = N
AxB=I|A|IB| sinB n

—

Where 8 is the angle betwsen A and ﬁ

i is the wnit vector in the direction
-

perpendicular to the plane formed by A and

_’
B . The direction of 7# can be given by right
handed screw rule.

ET\'xE’

Figure 4.23
As shown in the Fig. 4.23 keep the right
bhanded screw perpendicular to the plane formed

- - - -
by A and B and rotate it from A towards B.
The direction of advancement of the screw is
taken as the direction of #. The direction of

- -
A x B can be determined using Right hand
rule : Open up your right hand palm and

—

—
wrap the fingers aweeping from A to B
Your sireached thumb polnts in the

direction of A x B
A wvector product is represented by keeping
crogs sign (X) between two vectors hence it is
also called cross product of vectors.
4.10.4 Properties of vector product of two
vectors

-+ - = -
(1) Ax B # B x A, The vector product
of two vectoas is not commutative

—

— - -
AxB=-BxA (4.10.14)
This can be understood from the right handed
screw rule.
(2) Dictributive law

Ax (B +C)=(A x B)+(A x ©)
(4.10.15)
holds for vector product too.
(3) If two vectors are parallel (0 = 0% or
antiparallel (8 = 180°), their vector product is zero
becauvse sin (0°) = sin (180 = 0.

- =
@1 AlLB,O=9°
LSinBO=sn9"=1

-

A X B =AB sin 90° = AB#
(4.10.16)
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(5) Vector products of unit vectors of
Cartesian co-ordinate system :

(4.10.18)
(6) Vector products of two vectors,

AXB =@, +A,] +Ak) X
(8,7 +B,j +Bk)is

- - R

A x B=AB -AB) +

(AB,—AB)] +(AB, — AB)K

(4.10.19)
A R

Now, A-t A}' Az = (‘%Bz_ AZBJ');
B, By B,

+(AB,—AB)] +(AB,~ AR

(4.10.20)
From equations (4.10.19} and {4.10.20)
ik
_)
A X _ﬁ = Ay A, A 4.10.21)
B, B, B,

Illustration 12 Find the vector

— ~
product of vectors A= 47 + 2] — k and

—

B={+3] +4k.

i 7k

- -
Solution : A X B=14 2 -1
1 3 4

=8 +3)] +(-1-167 +
(12 - 2k
=11{ =17} + 10k

-
Tlustration 13 : If vector A = 2] —
” 2 S 2
107 and vector B = 4; — 207 then show
that they are parallel to each other.

Solution : If the two vectors are parallel to
each other then their vector product is zero

Poj ok ij ok
xpft 100 _ 5o,
4 =20 0 1 -5 0

- -
Hence A and B are parallel to each other.

lllustration 14 : Show that the magnitude

- -
of cross product of A and B is equal to twice

-

_)
the area of the triangle of which A and B
are the adjacent sides.

Figure 4.24

Solufion : In Fig 4.24, the area of APQR

p

IAlR

W= R =

-

—
IAIIBlsin ©

b | =

| Xx3|
.‘Kxﬁ‘=2(AmaofAPQR)

Ilustration 15 : Using vector products
show that for a plane triangle.
sin o _ sinpB _ siny
A B =~ C
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Where ¢, [3, and y are the angles and A, B
and C are the lengths of the sides opposite to O,
[, and 7y respectively.

Solution : We know that the magnitude of
a cross product of two vectors is twice the area
of the triangle of which the vectors form two

adjacent sides. In view of this, we have from
Fig, 4.25,

T

—

A
Figure 4.25

- - — - - —
AXB|=|BxC|=|CxA

S ABsin(n —Y)=BC sin(t — o) =

CA sin (m - B)
~. AB sin Y =BC sin 0. = CA sin
Dividing each term by ABC, we have,
sin ¥ _ sina _ sin B
C A B

4.11 Instantaneous Velocity

Fig. 4.26(a) shows curved path APQB of a
particle moving in the XY plane, Suppose the
particle is at point A at time  and reaches point
B at time t + A¢f. With respect to certain
reference points, the position vectors of these two

- - - —
points are 1, = OA and r, = OB respectively.

During the motion of the particle from point

A to point B, the change in its position is represented

—_ — -
by displacement vector Ar = r, — 5. Atis

the time taken for this displacement. By definition
the average velocity of the particle in the given
time interval Af is,

displacement( vector )
time( scalar )

Average velocity =

_,
- Ar
<> =

= A7 @.11.1)

(b)

Figure 4.26
The average velocity is a vector quantity and

its direction is in the direction of A_)r = EB Ir
the average velocity of the particle is same during
different time intervals then the motion of the
particle is said to be a motion with uniform

_>
velocity. The displacement vector Ar in time

interval At is the vector joining the initial and final
positions of the particle in the time interval Ar.
Hence it may not show the actual distance
covered by the particle. In reality the particle has
moved along the path APQB and reached from
A to B. Moreover during time interval At changes
in the velocity might have taken place. Hence
from average velocity of the particle, we do
not get the actual path of its motion and
information of velocity at various points on
the path of motion.

As shown in the Fig. 4.26(b) if we keep on

decreasing the time interval At then the particle
which is at point A at time #, after time interval
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At will be at B' instead of B, will be at B"
instead of B' ................... and so on. In this

manner if we continue to make Az smaller and
smaller, that is we give lesser and lesser time
(At = 0) for change in velocity. Now taking

Af " o it can be scen from the Fig. 4.26(b) that

the displacement vector becomes tangent at point
A in the direction AP on the path of the motion
of the particle. In these circumstances velocity of
the particle has a definite value and direction, Thig
velocity of the particle is called instantaneocus

—5
velocity ( v ) at time ¢ at point A. Symbolically it

is respresented as follows.

> lim  Ar _ dr
im r r
v = _— 4.11.2
A0 p, dt ( )
Heae%isca]]edth‘ivaﬁveof;’wimrespect
_’

to time ¢ and % is represented symbolically as

—_
F. In general instantaneous velocity is termes as

velocity. SI unit of velocity is m s~

Velocity of a particle at any point on the path
of its motion is along the tangent drawn at that
point.

To tepresent the velocity in its components
suppose the co-ordinates of points A and B in
the Fig. 4.26(a) are (x;, y,) and (x,, ¥,)
respectively.

1

EN
s

a 4 - s
n o=x1 tyJand r, = X, +¥, 7

A—) - -
. = fr. -
r 3 1

= (xg_ xl)f + (}‘2_ )’1)}

Axi + Ay] (4.11.3)
Where Ax = x, —x, and Ay =y, — y,
using equation (4.11.3) in equation {4.11.2)
_’
v = lim o Ar
Ar=0 At

PHYSICS
lim Axi + Ayj
= Ar >0 At
E A d_y ]
atT a’!
o a -~
vV =vi+ v,J “4.11.4)
Where v, = E = x is the X component of
—
velocity v . (4.11.5)
and v = Q = y is the Y component of
—
velocity v . 4.11.6)

If x and ¥ co-ordinates of the particle in
motion are functions of ime. x and y components

ﬂ
(v, and v, of the velocity v of the particle

can be obtained, by using above formulae and
they can be used to obtain the magnitude and

-
direction of the velocity v from equations

2 2 -1 V_y
v = v, t v, and O = tan [va
respectively, Here O is the angle between the
X—axis and direction of velocity.

Illustration 16 : Position vector of a

particle is given by the formula ?(r) = sz -+

3] + 24k
() Obtain formula for the velocity of the
particle,
(if) Find magnitude and direction of its velocity
aar=2s
Remember,
11
d( X ) = nx“ -1
dx
Solution :
(i) Velocity at any instant of time
- d_) d
r 24; el -

= -~ i
vie) =25 +37
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(i) To obtain velocity at £ = 2 s substitute
t = 2 in the above expression

- ~ -
vy =22)f +3J

=4 +3]
. v, =4m s! and v, = 3m s
. Magnitude of velocity

=(4Y +(3) =sm¢

-
Va2

If direction of velocity is in the direction
making angle 0 with the X—axis then,

v
o= mn‘l[—y} = m‘(%) = ! 075 = 37°
vrt

4.12 Acceleration

Time rate of change of velocity is called
acceleration.

Suppose a particle is at point P on its path of
motion (as shown in Fig. 4.27) at time £ and its
velocity is v at this point. Now it reaches at point
P at time ¢ + Af and its velocity is v' at P.
Thus the change in velocity of the particle in time

— —2 —
A, Av =V —
Y
A Qé’v _"
S
& ¥

@Pc'ra\ Py

== \AV
v
A, v
v
P

0 > X
Figure 4.27
As per definition average acceleration

_ Change in velocity
B time

—

w<a»=Bv 4.12.1)
At

_)
Average acceleration < g > is vector

quantity and its direction is in the direction of the

vector representing the change in velocity A?.

The information regarding how the velocity
of the particle change at each moment on its
actual path between points P and P, cannot be
obtained from average acceleration. Taking
At — 0 in equation (4.12.1), instantaneous

- - . "
acceleration (g ) is obtained. Generally
instantaneous acceleration is called acceleration.
SI unit of acceleration is m s~2.

Instantangous acceleration

—
i
a = Arlﬁoi—: = % @.122)
5 -
Now, y = ﬂ
dt
- d|dr 27
a= E E = % = y (4.12.3)

4.12.2)
- d + dvx - dv}, A
a = — ] —
a2 Vel 00D 2 ! = 7
— n "
a = ax; -+ ay J
dv, .
Where, a, = E = V. = X component
—
of the acceraletion & of the particle 4.12.4)
Py _ Y f th
=—=y = t
a, = y component of the

—)
accelaration @ of the particle, (4.12.5)

If the co-ordinates x and y of the particle in
motion are functions of time, then vusing equations
(4.11.5) and {4.11.6) the X and Y components of
velocity of the particle (v, and vy) can be obtained.
Substituting them in equations (4.12.4) and
(4.12.5), X and Y components of the acceleration
(a, and ay) of the particle can be obtained.

Velocity is a vector quantity, hence, it can
be changed in three ways :

(i) by changing its magnitude only (ii) by
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changing its direction only (iii) by changing both N d—p

its magnitude and direction. Solufion : Acceleration ¢ = é

v v
> 2 - d ,_. ..
. a=d— (7ei + 16k)
—— — g
a a + -2
=T7ims

Figure 4.27 (a)

Figure 4.27 (b)

A
]

! —-/
a all
]
]
. !

— r Pemem—————— >
v —

. A
Figure 4.27 (c)
As shown in the Fig. 4.27(a) if acceleration

- -
a is in the direction of velocity (v ) the

_>
magnitade of the velocity increases or when 4

-
is in the direction opposite to velocity (v ) then

the magnitude of the velocity decreases
respectively.

—
As shown in Fig 4.27(b) if acceleration a is
in direction perpendicular to the direction of the

velocity (: ) then only the direction of the velocity
changes.
As shown in the Fig. 4.27(c) for some angle

—
between the directions of acceleration (a )} and

velocity (: ) of other than 0°, 90° or 180°.Consider
the two components of aceeleration (i) parallel to
the velocity (a,,) and (ii) perpendicular to the
velocity (a ). It can be seen that due to
component a,, the magnitude of the velocity
changes and due to component a, the direction
of the velocity changes.

Mlustration 17 : Velocity of a particle at

time ¢ is :(!) =7t + 16k . Find acceleration
of the particle.

Ilustration 18 : The position vector of a
moving particle changes with time according to

the formula ?= ol - Btzj, where o and
B are positive constants. Then (@) determine
the path of motion of the particle, (b} obtain
the formula for velocity and acceleration as
functions of time and also obtain their
magnitudes.

Solution :

(a) r= ol - B# jis given and

N o 4
r=xi —yj

s X = ot and y = —B#. Eliminating ¢ from
these equations we get,
2
y =~ which is similar to the equation of
o

parabola viz, ¥y = ax — bx*> (where a = 0 and

B
b =?). Hence, the path of the said particle is

a parabola.

_}
(b) The velocity of the particle : = Q
dt

e d ~ A A
v o= (i — BR7)=ai- 2Bt]
This equation gives the velocity of the particle
as a function of time.
The magnitude of velocity

-3
v

A

_)
Now, the acceleration of the particle g =

SN

Y

a4 . Al z
a =g =2Pejy=-2B;
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Since the expression for acceleration does not
contain { we can say that the acceleration of the
particle is conatant; and it is in the direction of
negative Y axis,

The magnimde of acceleration

-
a

=Va! + 4> =(0 )" + (-28)
=2p
Ilustration 19 : The pogition vector of on
particle, as a function of tims, is given by :
- - -
r = bt (1l — ai); where b is a constant
vector and a is some positive constant, (i) Obtain
the velocity and acceleration of the particle as
function of time wnd (ii) find the time taken by
the particle to come back to the same point from
wheze it had started

- -
Solution : () r = bt {1l —ad (1
Jo=47 2% (Bia
vm_?‘dr{ (1 - an}
d = -
=E{(bt_ b ad)}
- -+ -
Sv( =b 2b at
—
= b(l- 200 @
d—b
Similarly, acceleration Z(r) = Zv =
d - - -
I {b-2bat}=0-2ba
2 =—2ba
(i) This particle starts (i.e. at time ¢ = () its
=
motion from =a.ltcanbesemﬁ'omeqn.

1
(1) that again at time ¢ = Eitwillreumhmk

- - ]
to T =0.'Ihus,inﬁmeintewalAt=E,the

particle will retumn back to the point from where
it started its motion.
4.13 Relative Velocity

Uptill now we have discussad the motion of

a particle with respect o some given frame of
reference. We alzo noticed that the choice of
frame of refsrence is quite arbitrary. The position

-
vector 7, velocity v and accelerstion 3 depend
upon the frame of reference chosen. Now we
shall obtain the relations between such quantitics
in different frames of reference.

Y Y
F. F, P
B
A
T
w BB
A%/ > X
0!
Fp A
0 >X
Figure 4.28

In Fig. 4.28 two frames of reference
A and B, moving with vniform velocity with
respect to {wrt) each other are shown. Such
frames of references are called inertial frames
of reference and they are discussed in detail
in article 5.11. Suppose two observers, one
from A and the other form B ztudy the motion
of a particle P.

Let the position vectors of particle P at some
ingtant of time with respect to the origin O of

- - .
frame A be rRA=0Pandlhatw|threspect

iy
© the origin O of frame B be 7', = OP.

= —
The position vector of O' wat. O is rga= 00,
From Figure 4.28 it is clear that

= —> -3 —3 —
OP = 00O + OP = OP + OO
- —; -
Fepa=Tppt 7y 4.13.1)
tiating tlus equauon with respect to

time we get

d = d - d -

E(rm)=z(rr,n)+g(rn.1\)
- ->
v

-
A= Veat Va, (4.132)

.-l '
Here ; A:s the velocity of the particle wr.t.

frame of reference A, vPBis the velocity of
the particle w.rt refetence frame B and
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V 5 4 16 the velocity of frame of reference B

with respect to frame A,
Suppose velocities of two particles A and B

- -
are respectively v, and v relative to a frame
of reference (suppose earth) them velocity

-
(v, of A relative to B is

- -
V= Va—

-3
AR L4

N @.133)

and velocity v, of B relative 1o A is

- -

-
v =Vn— \’A

4.13.4)

- i
Thus V=" Vi

- -

amd | v, I=1v,|I

For example a car is moving with velocity
80 km/h on a highway towards Bast. A truck is
also moving toward Hast with velocity 60 Jom/h
and a motorbike is moving towards West with
velocity 40 km/h . All the velocitics are relative
to ths earth and written as follows.

- -~ - ~
Vog = 807 kmh, V., = 60{kmh and

- .
Vo= —40f kmh
Now velocity of car relative to motorbike

= = = s S s
Ya= Yo~ Vae=B80i — (401) = 120¢,
_’

_‘
velocity of car relative o ik v = v,

_’ - -~ -
- Vo= 80 — 60 =20i and velocity of

- - -
mﬁorbikerelaﬁvetouuckvm= Veg~ Vo=
—40] - 60§

= —100§

Generally if we know the velocities of two
objects P and Q w.rt third X thea

- - -5 -+ -+
Vo= Pt Vxo T Vi~ (4.13.5)
This formula holds true for (a) when the
velocities are not very large, (b) if the object is
not performing rotational motion and (c) the time
interval are the same for all the frames of
referance.

DNlustration 20 : A boat can move in
river water with speed of 8km/h. This boat
has to reach to a place from one bank of
the river to a place which ig in perpendicular
direction onthe other bank of the river. Then
(1) in which direction should the boat has to
be moved ? (ii} If the width of the river is
600 m; then what will be the time taken by
the boat to cross the river 7 The river is
flows with velocity 4kmv/h,

Solution : Suppose the river is flowing in
positive X direction as shown in Fig. 4.29. To
reach to a place in the perpendicular direction
on the other bank, the boat has to move in the
direction making angle 0 with Y direction as
shown in the Fig. 4.29. Thiz angle should be
such that the velocity of the boat relative to
the opposite bank i3 in the direction
perpendicular to the bank,

Note : When we say boat can move in
water velocity 8 km/h it means that the velocity
of boat is 8 km/h relative to water. When air
hostess anounces in aeroplance, that the
velocity of the plane is 700 krv'h then it means
that it is relative to atmosphere.

Figure 4.29

—

Suppose V. = velocity of boat relative to
water is 8 km/h in the direction making angle
0 with Y—axis.

;}m= velecity of water—relative to bank
which is 4 kavh in the positive X direction and

—>
Vg = velocity of the boat relative to bank which
is to be found.

It is clear from the Fig. 4.29

- -+ -
Vac= Vew t Ve {a)
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Taking x components in this equation
0=8cos W+ +4cos0=-"IBsin0+4

b | —

. sin @ = B8 =130°

o0 | I

(ii) Taking Y—components in the equation (a)

Vo = 8 €os 30° + 0 = 8 x 0.866 = 6.928
= 6.93 kan/h

Thus the velocity of boat relative to bank
Vpg = 6.93 km/h The time taken with this velocity
to cover distance of 600 m.

displacement in Y-direction
= velocity Y-direction

_ _600km _
= 6.93km/h

= 0.8658 hr ~ 5.2 minute
4.14 Equations of motion in a plane (two
dimensions) with uniform acceleration :

Suppose a particle moves in the XY plane

_)
with uniform acceleration g . Its velocities at

time t =0 and ¢ = f are v, and v respectively.
As it is moving with uniform acceleration in
any time interval its average acceleration and
instantaneous acceleration will be the same.

Now change in velocity in time interval

- - -
Ar=r—0isAv = v — vy,

A—)
USiDgE:A_:
> Y-, _¥-9
a = 0 =V 0 (4.14.1)
r -0 t

- - -
V=V + at (4.14.1a)

Writing this equation in terms of components
(x and y components)

Ve =V, +oa,t (4.142)

vy = Vg, + ayt (4.14.3)

Suppose the positions of the object at time £
= 0 and £ = ¢ are represented by position vectors

- -
r, and r rtespectively. During this time interval
(t-0
- —
v

v, +
Average Velocity = UT

Displacement taking place in time
t = average velocity X time

+ v
M R (4.14.4)

Substituting the value of v from equation
4.14.1)

—
r

—_
o

I
cl‘t.‘
e
+

B
Lr=r4 v+ T alf (14.14.5)

I

Presenting this equation in the form of
components (x and y components)

1

x=x, 4 vt 4+ Eaxtz (14.14.6)
1

Y=yttt anzz (14147

It is clear from the equations (4.14.6) and
(4.14.7) that motions in X and Y direction can be
described independently.

Thus the motion in a plane (two dimension)
with uniform acceleration can be considered as
a combination of two simultaneous one
dimentional motions in mutually perpendicular
directions, with different uniform acceleration.
This is an important result. (This type of
equations can also be used for motion in three
dimensions). Selection of two perpendicular
directions is arbitrary.
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Thue the equations of motion in plans (two
dinmsions)withuniformaccelmﬁonz can be
written as follows.

- e —
v=v0+at

- 1
_r" =1 + \:[’,t + 2 3!‘2
Taking dot product of the equations (4.14.1)
and (4.14.4)
- -
v

(3)-(? — %)=(3 —J;). %o ¥

v’—v02=23-(; - ;,;)
From these equations, the equations for the
a can be written as
v=v°+a1

1
d=vg+ Eatz Heed =r -,

vV — w2 = 2ad

Here, d is the displacement in time %

Dlostration 21 : A particle starts its
moﬁoufromtheoriginwiﬂavelocitny m gt
and moves in the XY plane with uniform
acceleration § + 3 ], (i) what will be the value
of its y co-ordinate when the value of its x
co—ordinate is 30 m (ii) at this time what will
be ity speed ?

Solnfion : (i) Formula for the displacement
of a particle in two dimension is

1 3
Sx =2+ L and y@) = S £
2 2
At the instant of time £, X(f) = 30m is given
1
SO =2t 4 Etz

LS P+H-60=0
L+ I0-6) =0
o t==108 or 1 = 68 bot r = —10s is not

poasible.
.. 1 = 6 sec. Substimting £ = 6 in equation,

3 3
Y = 5 £ = y6) = 5 (6= 54m
Hence the y co-ordinate is 54 m, when the
X co-ordinate is 30 m.
(ii) Velocity at any instant of time
> 4 . A
L VY@= 6&f +y])

- i | 1 .. 3 ..
v = E[(ZH- Eﬁ)i + E‘zj]

LYW= +ni +uj

-+ A "
T v(@®) =81 + 187

v, =8m ¢ and v, = 18m g~

LY o= \/(3)’ + (18)*
= J64 + 324

= 19.698m s™!
4.15 Uniform Circular Motion
The motion of a particle moving on a circular
path with constant speed is kmown as uniform
circular motion. As shown in Fig. 4.30 a particle
is moving on a circular path with radius r and its
speed v ig constanmt.

Figure 4.30
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Velocity of the particle at a point moving on
curved path is in the direction of the tangent
drawn to the curved path at that point. Hence it
is clear that for the particle moving on the circular
path, with constant speed, the direction of velocity
changes continucusly but its magnitude remains
constant.

Since the direction of velocity changes the
motion of the particle is an accelerated motion.
Thus the uniform circular motion of a particle is
an illustration of accelerated motion. (Here the
direction of the acceleration vector changes, hence
this is also an illustration of the motion of a
particle with variable acceleration of constant
magnitude.) We have seen in the article 4.12 that
in the case in where only the direction of velocity
changes, the direction of acceleration is
perpendicular to the direction of velocity, Now the
velocity is in the direction of the tangent and the
direction perpendicular to the tangent is the
direction of radius (towards the centre). This
acceleration is in the direction along radius towards
the centre. This type of acceleration is called
radial

acceleration a_  or centripetal

acceleration a_.
To derive formula for radial acceleration, let
the velocities of a particle performing uniform

. ) - - .
circular motion, be v and v, at points P and Q@

respectively as shown in Fig 4.30 and the time it
takes to go from P to0 Q be A1 Thus the change

- — —

in velocity in time interval Atis Av =y, — v
which is as shown in Fig. 4.31.

From the geometry of the figure it is clear

that AOPQ and AQ'P'Q' are similar triangles.

Hence

P 1 r
- -
but Vl = v2 =y
Av=— A
* Y = r N r

The magnitude of average acceleration during
time interval Af is

A v Ar
SeTE AT A
Taking At — 0 in this ratio we get the

magnitude of instantaneous acceleration at time 7.

. lim Eﬂ‘
Acceleration a_ = At—07T Al
v( im Ar
T rlAr=0 Ay
_vdr
=T
dr
bu o = v = instantaneous speed at time ¢

2

Acceleration @, = ~— (4.15.1)

From Fig. 4.31 it is clear that direction of
—
Av is towards the centre. Hence the direction

of acceleration (a.) is towards the centre. Due
to this fact this acceleration is called radial or
centripetal acceleration. The force corresponding
to this acceleration is obviously called centripetal
force.

From the above discussion it is clear that in
order to make a particle to move on a curved
path it should be supplied necessary centripetal
force.

The magnitude of centripetal acceleration is
constant but its direction keeps on changing
continuously so the vector representing the
centripetal acceleration is not constant.

Nlustration 22 : Nirav ties a small stone
at the end of 1 meter long thread. He rotates
the stone in the horizontal plane (Here neglect
gravitational force). If the stone completes 100
rotations in 314 seconds then (i) what will be
its linear speed ? (ii) What will be the magnitude
of its centripetal acceleration ? Can we consider
the vector representing its acceleration as a
constant vector ?

Solution : Here the radius 7 of the circular
path of stone is 1 meter,

(i) Stone completes 100 rotations in 314
seconds.

- time taken to complete one rotation i.e.

periodic time T = m =3.14
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L sed of th distance V,, = Vgos 90 (4.16.2a)
inear speed of the stone v = ——— R
time oy = VgSiD 90 (4.16.26)
2rr 2 x 314 x 1 - Y
ST T 34 M°
. v=2ms!
(ii) Magnitude of centripetal acceleration
/"—/
v (2 ) |
a,= — = ——— = 4m 5 ". Because the . ;
r 1 .; Yo,
L=
direction of this acceleration changes continuously, “E;. ; @ (})=-¢j
the vector representing acceleration can not be i
considered constant. o S| »X
4.16 Projectile Motion Figure 4.32

When an object is thrown in gravitational field
of earth it moves with constant horizontal velocity
and constant vertical acceleration. Such two
dimentional motion is called a projectile motion and
the object is called a projectile. If resistance
offered by air is neglected, motion of a football
kicked by a player and motion of a cricket ball
thrown, in air, by a cricketer can be considered
to be the projectile motion and the ball is called a
projectile.

The projectile motion can be treated as the
resultant motion of two independent component
motions taking place simultaneously in mutually
perpendicular directions. One component is
along a horizontal direction without any
acceleration and the other along the vertical
direction with constant acceleration due to
gravifational force. Galileo was the first to state
this independency of the horizontal and vertical
components of projectile motion.

In our discussion we will neglect air
resistance.

Suppose the projectile is projected with

velocity ;[; and that makes an angle 8 with the

X—axis (horizontal direction) as shown in Fig. 432,

The acceleration acting on the projectile is
due to gravity which is directed vertically
downward.

(4.16.1)

_>
The components of initial velocity v, are

If we take the initial position to be the origin
of the co—ordinate system, the co—ordinates of
the point of projection would be x, =0, y, =0

Now using equations (4.14.6) and (4.14.7)

x =v, b= (vcos Bo)t (4.16.3)

. 1
and y = (v,sin B¢ - 5 gr (4.16.4)

The component of velocity at any time £ can
be obtained from equation (4.14,2) and
{4.14.3) as

Vv, = ¥, = V08 30 (4.16.5)

v, = v,sin 0 — gt (4.16.6)

Using equation (4.16.3) and (4.16.4) co-
ordinates of the position of the projectile at any
time in temrs of two parameters v, and 9, can
be obtained. During the entire motion of the
projectile, the x component of its velocity remains
constant, while y component of velocity changes,
like an object in free fall in the vertical direction.

Equation of trajectory of a projectile :

The equation giving relation between x and y
co-ordinates of a projectile is known as equation
of trajectory of a projectile,

To obtain the equation of trajectory of a
projectile inserting value of ¢ from equations
{4.16.3) in equation (4.16.4). we get,

2
. 1 N, S
=vsin® | L _ |-
Y=% ] ((voco.s 30] 28 [(vozcos 290]

— &
y = (tandy) x — 2Avycos 0)* 2 (@167
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el [ H
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0,
‘\n 0 'h
0. " X
Figure 4.34

In this equation v, 6, and g ere constant it
ig of the farm y = ax — bx? in which a and b
are constants. This is the equation of parabola,
Hence we can say that the path of a projectile is
a parabola. (See Fig. 4.33 and 4.34)

Time taken to achieve maximum height :

Suppose, the time taken by the projectile to
reach maximum height H is £. (see Fig. 4.34)
When projectile attsing the maximum height, the
y component of its velocity (v)) becomes zero
(See Fig. 4.33). Hence from equations {4.16.6}

v, =V, sin 6, - 8, =0

S = m (4.16.8)

8

Maximum height (H) :

The maximum height (H) reached by the
projectile can be calculated by substitnting

Vg sin 05 )
t=1t = T in equation (4.16.4).
Thus we get,
v, sin 6
y = H = (v, sin 9@(%]
1 v, sin 0, 2
2 8
e I )
v.“ sin“ B
W H= >—°0 (4.16.9)

28

Time of flight (£) :
On substituting y = 0 and £ = £, in equation
(4.16.4).

1
0 = (v, sin )8, - Egrf

2v, sin O,

. g

Range of a projectile (R) :

The horizontal distance covered by a projectile
from its initial pogition (x = y = 0) to the final
position (where it passes y = O during its fall) is
called the range (R) of the projectile.

If is casy to under state that the ramge in the
distance travellsd by the projectic during jts time
of flight

To find the range (R) substiute x = R and ?
= f in equation (4.16.3)

R = (v, cos 8)(p)

2v. sin B
= (v, cos Bo)[%]

=2, (4.16.10)

V02 Siﬂze
“R= 21—

o g (4.16.11)
k is clear from the above equations, R=R
is the maximum range for O, = 45° for given v,
It is important to note that the magnitude of
the range depends upon the projection velocity
(v, and the projection angle (90) while the
maximum range R, depsnd omly on the
projection velocity (v).
Find ¢, and #, for an object thrown in the
vertical direction 8 = ’—;.
Iivstration 23 : A football lying on the
ground is kicked with velocity 28m ! in the
direction making 30° with horizontal direction.
Find (i) maximum height attained (ii) the time
to retmrn on the ground and (lii) the distance at
which (from initial position) it will retum on the
earth. (take acceleration due (o gravity
g£=98ms?
Solution : (i) Maximum beight (H) attained
by the foathall
Here v,= 28m 57, 6, = 30° and g = 0.8m g™
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v sin® By (28 ) (sin30)?

2g 2%x98

_ (28 (0.5)°
T 2x98

(ii} Time taken to return on the ground is the
time of flight ¢,

o 2wy sin 6y 2 X 28 X sin30
=T o, T 9.8
B
=98 =478

(iii) The distance at which the football returns
on the ground from the place at which it was
kicked is the range R.

= 10.0m

V20 Sin 290
g
28 X 28 x sin60°
B g

=69 m
Illustration 24 : Galileo in his book
“Dialogues on the Two new sciences”, stated
that “for elevations which exceed or fall short
of 45° by equal amounts, the ranges are equal”.
Prove this statement.
Solution : Suppose the ranges of two

projectiles projected at angles 45° — 0 and 45° +
0 (having the same difference with 45°) are
R, and R,. Now onward 0 is in degrees.

2 . o
_ v sin 20

Using the formula : R = s WE gel

vd sin 2(45-0)
1 g

vzo sin (90— 290)
g

v20 cos 20
g

and

v% sin 2(45+ 90)
2= I3

v sin (90+28")
8

vzo cos 20°
g
ﬂuswecanseethatR] =R2
If two projectiles are throun with same
speed with complementary angles of projection
(0, = 0, = 90°) their ranges will be equal.
Nlustration 25 : A water pipe lying on
the ground has a hole in it, From this hole water
stream shoots upwards at an angle 45° to the
horizontal. The speed of water stream is
10m s'. At what height once this stream hit
the wall which is Sm away from the hole ?
Solutien : 90 = 45° v, = 10m sLx=5m
Using the formula,

Wall

8,=45°
«— Sm —

» X

Figure 4.35

8
¥y = Xtan 0) - 2( v, cos 8, ¥ x

9.8 x 25
Y =30an 45%) = 57710 x cos 45°)°

9.8 x 25

]2
2x100x(—]

V2

=5-

9.8
=5- 22 =5-245
4

=255m

Thus water stream will hit the wall at the
height of 2.55 m on the wall.




MOTION IN A PLANE

SUMMARY

In this chapter we have obtained information regarding vector and scalar
quantities in detail. We have learned to represent vectors graphically. We have
distinquished between position vector and displacement vector and seen how
the displacement vector can be obtained.

As vectors do not obey the ordinary laws of algebra, we learnet vector algebra.
Zero vector and unit vectors were defined and it was shown that how a vector
can be represented using unit vector. How vectors can be resolved in a plain
was explained. In the case of product of the vectors, scalar and vector products
we are defined. We understood the meaning of instantaneous velocity and
derived formula for acceleration. After understanding relative motion we have
obtained expression for relative velocity.

Equations for motion in a plane were derived.
We discussed uniform circular motion in detail and derived expression for centripetal
acceleration and shown that its direction is towards the centre along the radivs.

We also leamnt projectile motion and derived the equadon for its trajectory is
expressions for time required to achieve maximum height, maximum range and
time of flight were derived. We have also shown that for any given velocity to

obtain the maximum range a projectice should be projected an angle of 45°.

Multiplication of Vector

93

1
+ 2
with scalar with vector
\ l
3 v ¥ 1
with number with physical quantity result is scalar result is vector
{simple multiplication) (simple multiplication)  (vector)- (vector) (vector) x (vector)
= 1) mass x velocity = o = (vecto
vector A is multiplied ) A ——— 4 = (scalar) m(v o;) .
by number m, new scalar product HEESIERCHE
i (scalar) x (vector) or or
vector m A is obtained. = (vector) (dot product) (cross product)
» If m is positive, then new (2) mass %
o acceleration =
vector is in the direction of A R

+ If m is negative, then new
vector is in the opposite

-
direction of A.
=3

-
Ex.:3x A =3A
=

=5
3 x A =-13A

3»/
>

when a vector quantity
is multiplied by a
scalar quantity, new
vector quantity is
obtained. Which is in
the direction of
original vector
quantity.
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EXERCISES

Choose the correct option from the given options :

1.

(=]

Which quantity is a scalar from the following physical quantities,
(A) Acceleration (B) velocity
(C) linear momentum (D) Temperature

- A . g rs ~ Fal
IfA =2 +3] —k and B =4f + 6] — 2k, what will be the angle

—3

between A and B.

7 n
(A) m B) 3 © 3 (D) 0°

An object is moving on a circular path with velocity ;’, at agiven instant.
When it completes half rotation, what will be the change in its velocity ?

- b -
(A) v (B 2v (C) zero D) y2 v
A vector representing a physical quantity is E =2§i +3j + 4£, the angle

—
between X—axis and C is

3 4
(A) cos™' oo (B) cos™' \f29
= 2
(C) cos! \J29 (D) cos™! \J29

Co-ordinates of @ particle moving in a plane at any time £ are given by equations
x=afandy= Btz. Magnitude of the velocity of this particle is

(A) 2:.{052 - p? (B) 2:.fa2 + p*
Cy2e(x +B) D) Jo? + p?

1
In a projectile motion if the maximum height H is half the range (R) (H= 2 R)

then angle of projections B, is
(A) tan’(1) B) tan™! (2)
(C) tan'(3) (D) tan™\(4)

_)
An object is projected with velocity v . If the range (R) of this object is
double the maximum height H, then its range is

v 3% 4 1
(A)g (B)sg (ng (D)zg

[Note : Use result of above objective (6)]
- - — -
(A *BP+1AXB = ... .

(A) AB B) AB? © VAB (C) zero

Rain falls in the downward direction with velocity 4 km/h. A man is walking
on a straight road with velocity 3 km/h. The apprent velocity of rain relative to
this man is

(A) 3 km h™! (B) 4 km h™ (©) 5 km b D) 7 km b
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10.

11.

14.

b,
Un

16.

18.

19.

For which angle of projection the range and its maximum height will be
equal ?

(A) 8, = 45° (B) 0, = tan™'(4)

1
(C) 8, = ran"(zj D) 8, = 30°

A motorcar is moving northwards with velocity 30m s, If it turns towards
West with the same speed, then change in its velocity is

(A) 60m 5! North—West (B) 30J§m §! North—West
(C) 30~/2 m s~! South—West (D) 60m s~! South—West

If the resultant vector of A and B makes an angle ¢ with A and B with
B. Then

(A) o < B always BIA <B,a<p
(O)IfA>B, o< P D)YIfFA=B,a<p

. The linear speed of the tip of second arm of a clock is v. The magnitude of

change in its velocity in 15 second is

(A) zero (B) % © 2v D) 2v

The velocity of a boat with respected to ground is 37+ 4} and the velocity

of water with respected to ground is —3{ — 4. Hence the velocity of boat
w.r.t. water is .......... The quantities are in SL.

(A) 87 B)—6i —8] (C)6i +8] ) 67

When the angle of projection is 25°, the range of the projectile is R. Now if
the angle of projection is .......... its range will remain same. (i.e. R)

(A) 40° (B} 45° (€) 65° (D) 60°

- -

If the magnitude of the vector products of two vectors | A X B | is JE

- —
times the magnitude of their scalar product A - B then the angle between
them i§ .oecooeeee ©

T T n i1
®) 5 B) % © 3 ® 7
The acceleration of a projectile, at its maximum height is
(A) zero B g (C) maximum (D) minimum

An object is projected at angle of 45°, with the horizontal, with kinetic energy

1
K. Its kinetic energy at maximum height is ......... . [K= Emv2 1

K K
(A) 0 B) 5 © 5 ®) K

The velocity of a boat in a river of width 1.0 km, is 5 km h~l. The boat
crosses the river in 15 minutes, moving over the shortest path. Hence, the
velocity of the flow of river is .......... km h™,

(A) 1 (B) 3 © 4 (D) 5
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20. Bullets are fired with the same initial velocity v in different directions on a

plane surface. These bullets would fall on the maximum area of .......... on
this surface.
v’ v’ i’ v’
Ay —/— 2 C) 7 7
(A) 2 (B) 22 ©) 22 (D) 22

21. For a projectile motion y () = 8¢ — 5¢ and x{¢) = 6¢, where x and y are in
metre and ¢ is in second. The initial velecity of this projectile is ..o o

(A) 6 m/s (B) 8 mfs (C) 10 mfs (D) 14 m/fs
- - — —
22. 1 A+ BIl=I1 A 1=1B I, then the angle between
- -
A and B is .......... .
(A) 90° (B) 120° ) 0° (D) 60°

- -
23. IfA+B=E andA=.\/§,B=J§ and C = 3, then angle between

K and ﬁ LI
(A) 0° (B) 30° (©) 60° (D) 90°
24, The unit vector is perpendicular to the two veciors 37 + } + 2k and 27 -
27 +4k s . .
1 2 A o~ 1 > - &
(A)ﬁ(l—l—k) (B)E(=+J+k)
© -7 -5 ® 3G -] -k

25. If the vectors P =ai taj +3k and Q =ai — 27 — k arec mutually

perpendicular, then the positive value of “a@’ is ...ooevee
(A) 3 (B) 4 )9 (D) 13

ANSWERS

1. (D) 2.0) 3@ 4D 5@ 6 (B)
7. (C) 8.B) 9.( 10. B 1. (C) 12 (C)
13.(C) 14.(C) 15 (C) 16.(C) 17.(B) 18. (B)
19. (B) 20. (D) 21.(C) 22.(B) 23.(A) 24. (A) 25. (A)

Very Short Questions

1. What is the basic difference between vector and scalar ?

State names of two vectors quantities and two scalar quantities ?

What is needed to be stated to state when the position of an object is to be

mentioned ?

Which vectors are called equal vectors ?

Define parallel vectors.

Define antiparallel vectors.

Which vectors are called non-parallel vectors.

State the two ways in which a vector is described.

. How is the scalar product of two vectors defined ?

10. How is the vector product of two vectors defined ?

11. If the angle between two vectors is zero, the magnitude of their vector product
05 cevcrennns

W N
..

b o

b=l
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12.
13.
14.

15.
16.

17.

18.
19.
20.
21.

If the angle between two vectors is 90°, their scalar product will be .......... .
If the angle between two vectors is zero, their scalar product will be .......... .
The direction of velocity of an object at any point on the path of its motion will

along the .......... .

Velocity is a vector quantity. In how many ways can this vector be changed ?
Component of acceleration parallel to velocity (a,,) changes the .......... velocity
and perpendicular component (@, ) changes the .......... velocity.

Acceleration in case of uniform circular moticn along the tangent to the circular
path is .......... .

What is called projectile motion ?

At the maximum height of the trajectory of a projectile,its velocity is .......... .
At the maximum height of the trajectory of a projectile.its acceleration is ..........
To obtain the maximum range the object should be projected at an angle of
.......... with the horizontal.

Short Questions :

1

b W
il el -

© 90 N

14.

Describe the geometrical (graphical) method to represent vector quantities,
Distinguish between position vectors and displacement vectors.

Explain the multiplication of a vector by a real number.

Explain the subtraction of two vectors,

State the properties of addition of vectors.

Define unit vector and explain it in detail.

How are the two perpendicvlar components of a vector are obtained ?

State the properties of the scalar product of vectors.

In the case of the vector product of two vectors, explain the right handed
screw rule for the direction of the resultant vector.

. State the properties of vector products.
. Obtain the formula for time ¢, taken to achieve the maximum height of a

projectile.
Derive formula for the maximum height H achieved by a projectile.

. Obtain formula for the range of a projectile and using it obtain the formula for

the maximum range.
Obtain the formula for total time of flight  of a projectile.

Answer the following questions in detail :

j B8

7ol

Drawing the necessary figure, explain the method of triangle for the addition
of two vectors,

Drawing the necessary figure explain addition of two vectors using law of
parallelogram. Obtain the magnitude and direction of the resultant vector using
the components of the vectors.

Explain the resoluticn of vectors in a plane,

Describe the algebraic method for addition and subtraction of vectors.
Drawing the necessary figure to explain instantaneous velocity and derive the

- -
formula v = 4X = ;"

di
Drawing the necessary figure explain acceleration and derive formula
— dzf' =
a = =3 = r

dr?
Using Derive an appropriate diagram explain relative velocity.
Obtain the equations for the motion in a plane.

- - -
v=v0+at
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9.

- - - -
r—r0+vot+ al

B

- = -
V—vi=2a(r - 1)

2
Using an appropriate diagram derive formula for acceleration @, = VT in the

case of uniform circular motion and show that its direction is towards the
centre along the radius.

Solve the following problems :

1.

[

Eﬁ'l

Two forces of equal magnitude act on a partticle. If the angle between them is

0
6, find the magnitude of the resultant force. [Ans. : 2F COS[E]]

- - - ~ ~ -~
Find the unit vector of vector A — B . Where vector A =2 — j + 2k

-

S .. a 3+ ]
onitand B =—f — 27 + 2k umit [Ams. : JI_O unit]

If vectors f_{ =2{ +3} — k and ]_3> = 4] +6} —ZE,Lhcn show that

they are parallel vectors,

A passenger arriving in a new town has to go to the hotel located 10 km away

on straight road from station. Due divergence taxi driver takes him along a

circuitous path 23 km long and reaches the hotel in 28 minutes.

(a) What is the average speed of the taxi ?

(b) Find the magnitude of the average velocity. Are these two equal ?
[Ans. : (a) 49.3km h™ (b) 21.26km h™! These two are not equal]

A particle starts its motion at time ¢ = 0 from the origin with velocity 10fm g1

and moves in the X—Y plane with constant acceleration 8; + 2}.
(a) At what time is its x co-ordinate become 16/ 7 And at this time what
will be its y co-ordinate ?

(b) What will be the speed of this particle at this time ?

[Ans. : (a) at 25, ¥ co-ordinate 24 m (b) Speed 21.26m s71]
An aricraft is flying at the height of 3600 m from the ground. If the angle
subtended at the ground observation point by aircraft positions 10 seconds apart
is 30° what is the speed of the aircraft ? [Ans. : 60 m s'l]
A bullet fired from a gun at an angle 30® with horizontal direction hits the
ground 3 km away on the ground. By adjusting only the angle of projection is
it possible te hit the target 5 km away ? Show with calculation. (neglect air—
resistance)

1(ﬁ
R

Prove that the angle of projection 0, = ian for a projectile, projected
from the origin, where H = maximum height and R = range of projectile.

—

—3 -
Three non—zera vector A E and (_j) satisfy the vector equation K +B=C
and their magnitudes are related by the scalar equation A + B = C. How

— —
would A be oriented w.rt. B ? Account for your answer.




MOTION IN A PLANE

99

10.
11.

12,

13.

14.

16.

17.

18.

19.

If the direction of vector K is reversed, find AK , | A.;: | and Al K l.

By keeping the direction of a vector the same if its magnitude is doubled,
would the magnitude of its every component be doubled ?

The tail of a vector is on the origin of X Y co-ordinate axes. The vector is in
+ X direction. If the vector rotates anti-clockwise, find its X and Y components
for the rotation of (i) 90° (ii) 180° (iii) 270° and (iv) 360°.

Can the magnitude of the relative velocity of either of two objects be more
than the magnitde of the velocities of these objects ? Give one example.

Determine the magnitnde and direction of i+ } and { — }

[Ans. : magnitude of both = /2 ; 45° and 315° with X—axis]
- -

A is in positive Y direction and its magnitude is 100 unit. B is in the direction
making an angle of 60° (in upward direction) with positive X—axis and its
magnitude is 200 vnit. E is in positive X direction and its magnitude is 150
unit. Out of these vectors which one has the maximum value for its (1) x
N
component (ii) ¥ component ? [Ans. : {i) E i) B]
The magnitude of x component of the position vector of a particle is 3 m and

it is in negative X direction. The magnitude of y component of this vector is 4
m and it is in negative Y direction. Find the megnitude of this vector and its

direction with respect to negative X—axis. [Ans. : 5 m, tan™! %]
Which out of the following quantities are independent of the selection of axes ?
- —_ -5 -
(AAA+B (BYA-B (A +5
[Ans. : (A) and (B)]

- -

- - - —
Find the angle between A and B if | A+ BI=1A - B |
[Ans. : 90°]

_) )
Calculate the displacement of a particle, with position vector r = 34i +
42 ] + 7k metre in 10 s, [Ans. : 3007 + 400 (m)]

_> [a) ~ "~ ~
20. Obtain the component of vector A = 27 +3 J in the direction of vector 7+ f

21.

b2
7+

5
[Ans. : E]
Can the magnitude of a component of a vector be zero if the magnitude of the

vector is not zero ? Can the magnitude of a vector be zero if one of its
components is non—zero 7

- = - o = -
. Three non-zero vectors A, B and C satisfy the equation A + B = C and

_>
their magnitude satisfy the equation A? + B? = CZ How would A be oriented

—
with respect to B ? Account for your answer.

. Two obejcts are projected with the same velocity at different angles with the

horizontal and if the range is same for both of them prove that £.f, = g

where ¢, and ¢, are their time of flights.
®
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LAWS OF MOTION

5.1 Introduction

In the last chapter we had discussed displacement, velocity
and acceleration of a body during its motion. But we had not
considered the causes that preduce the maotion and the changes
in motion. In the present chapter we will consider these aspects.
You already know that this branch of Physics in which the
motion of a body is discussed along with the causes of motion
and the properties of the moving body is called dynamics.
5.2 Force and Imertia

Let us consider our few observations about the motion of
different bodies found in our day-to-day life. (1) A book lying
on the table remains steady as it is, if we do not apply any
force on it from outside. (2) In order to throw a ball vpward;
we have to exert a push in the upward direction. (3) To bring
a lorry into motion from rest, a person has to push it. (4) To
stop the ball rolling down the inclined plane we apply force in
the direction opposite to the direction of its motion, using our
hand. Considering these observations we realise that to bring
the body into motion from its rest position and also to slow
down or stop its motion; some external agency providing some
force is required. In all the above cases the external force is
in contact with the body. Such a force which is acting {or is
applied) by remaining in contact with the body is called a
contact force. Some illustrations of motion are also found in
which the external agency is not in contact with the body and
yet it exents force on the body. e.g. A body released from the
top of a building performs an accelerated motion towards earth.
Here the Earth is not in contact with that body but the force
on the body due to gravitational field of Earth is responsible
for its accelerated motion. When a nail of iron is placed a little
away from a magnet it moves towards the magnet due to
atiraction. Here the force on the nail due to the magnetic field
of the magnet is responsible for its motion. Such [orces (due
to fields like pravitational field, electric field, magnetic field.)
are called field forces. Thus external agencies can exert force
on the body even from away, without coming in contact.




LAWS OF MOTION

101

From this, we understand that the extarnal
agency producing a force that affects the motion
of a body may be or may not be in contact with
the body. In the cases discussed above, the body
either comes in motion from rest position or its
velocity changes during the motion. But a question
may arisc as t0-“Docs a body in vniform motion
{that is, a motion in the same straight line with
constant speed) need an extemnal force to continue
its uniform motion ?"

Arigwofle (384 B. C. o 322 B. C), a Greck
philosophes, was of the opinion that if the body is
in mntion - uniform of non-uniform- then it naads
‘something” external - that is an external force -
to maintain its motion. Before we know the
truthfulness of this opinion, let us consider an
illstration : A bicycle, moving, in the same straight
line with uniform speed on a horizontsal road that
appears smooth will stop afier sometime if pedalling
is stopped. If we want to keep the bicycle in
umniform motion we have to apply external force by
pedalling it This chservation may appear to support
Aristotle’s concept; but actually it does not

In fact, we all know that the external force
of frictiom due to the road opposes the motion of
the bicycle. Hence it comes to a stop. Pedalling
is required if we want to continue its motion,
Then, what was Aristotle’s fallacy ? He had
considered hig practical expericnce as a basic law
of nature and there he happened to be wrong.
To understand the law of nature about forces and
motion, we have to imagine a sitoation in which
the frictional force opposing the motion is not
present. Galileo did this and acquired a deeper
understanding about motion. Most of the
Aristotle’s concepts of motion are found to be
wrong today.

You have studied about Galileo’s experiments
in standard-9. Galileo observd that

(i) objects moving downward along an inclined
plane are accelerated - ¢hat is their velocity
increases,

(ii) objects moving upward along an inclined
plane are retarded - that is their velocicy
decreases.

But the motion on the horizontal plane is the
intermediate condition of the above two cases.
Hence Galileo suggested that a body moving in
a strpight line on a frictionless horizontal plane
should not have either acceleration or retardation,
Thus it should move with a constant velocity and
it does not need any external force for this.

Friction is an external force on a body, which
opposes the motion of the body. If we apply
another sufficient external force opposing friction
then the net force on the body becomes zero
and then its velocity will be maintained constant.
Moreover, in the steady state of the body when
it remaing as it is, also no net external force acts
on it. Thus the steady state and the state of
uniform motion (motion with constant velocity),
are equivalent, as far as force is concemned. This
ie because in both these states the net external
force on the body is zexo.

If an external force acts on a body, the state
of the body will chenge. A body does not (end
cannot) change of its own, its steady state or
the state of uniform motion. This property of the
body not to change its state, by itself is called
“inertia” of the body. Inertia means to oppose
the change, The masg of a body is a measure of
its inertia. Out of the two given objects the one
with a greater mass is said to have greater inertia
also.

Galileo Galilel (1564 - 1642)
Galileo Galilei, born in Pisa of Italy in 1564, was the main figure in the scientific

revolution in Europe. He proposed the concept of acceleration. From his studics on
the motion of bodies on inclined plane and freely falling bodies, he contradicted the
| prevailing Aristotelian concepts that to continue a motion some force is needed and

heavy bodies fall quickly as compared to lighter bodies under gravity. His idea of
inertia later became the starting point of Newton's work.

With the belp of a telescope disigned by himself, he made astronomical

observations of dark spots on the sun, mountains and depreasions on the surface of moon, the

moons of Jupiter and phases of Venus. He also proposed that the luminosity of the milky way is

due to the light coming from a large number of stars which are not visible to the naked eye,
In his excellent book ‘Dialogue on the two Chief World Systems’ he advocated the heliocentric

theory proposed by Copernicus for the solar system. To day alzo it is universally accepted.
Due to his great discoveries he is respected and honoured in the world of science.
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Isanc Newton
Newton was born in Woolsthorpe, England in 1642, the year Galileo died.

During his study at Cambridge University a plague epidemic forced him to return
to his mother’s farm. Here he had ample scope for thinking deeply, and made
many discovesies in mathematics and physics. Calculus, binomial theorem for
negative and fractional exponents, inverse square law of gravitation, spectrum
of white light...etc. are discoveries due to Newton. On retuming to Cembridge
¥ he devised a reflecting telescope.

- His own book ‘The Principia Mathematica’ is considered as one of the

greatest scientific work. It included his three laws of motion, universal law of gravitation, basic
principles of fluid mechanics, mathematics of wave motion, calculation of masses of Sun, Earth
and other planets, theory of tides and many other important topics.

His discoveries about light and colours are summarized in hiz another book ‘Opticks’. The
scientific revolution initiated by Copernicus, Kepler & Galileo was camied forward and brought o
completion by Newton. He proposed that the same laws govem the terresirial phemomena and the
celestial phenomena. e.g. In the fall of an apple on Earth and in the revolution of the moon around
Earth the same type of mathematical equations are found applicable. Newton died in 1727.

5.3 Newton’s First Law of Motion

Starting with Galileo's logical thoughts, the
task of development of mechanics was
accomplished almost single-handedly by Isaac
Newton, one of the greatest scientists of all
times. The three laws of motion developed by
Newton form the base of mechanics.

Newton’s first law of motion is written

“As long as no net external force is acts
on the body, a stationary body remaims
stationary and a body in motion continues
to move with constant velocity.”

In fact, this is Galileo's law of inertia only.
In some cases, we know that the net
(resultant) external force on a body is zero and
hence we conclude that the acceleration of the
body is zero and its velocity is constant.
Conversely, sometimes we see & body without
acceleration (cither in steady state or in motion
with constant velocity) and hence we infer that
the net external force on the body must be
ZEro.

On applying a net force on a body, it
comes into motion if it is stationary and if it is
aleady in motion, its velocity changes. Thus in
both the cases, acceleration is produced in it.
Therefore, force comes out to be the cause
of producing acceleration.

From Newton's first law we can say that

force is a physical quantity due to which, a
stationary body comes into motion and a moving
body changes its velocity. Thus Newton's first
law of motion gives us the definition of force —
but it does not give information about the value
(magnitnde) of force.
5.4 Momentum

The product of the mass (m) of a body and
its velocity (v ) is called its momentur (P ).

-

Thatis, p =m v (5.4.1)

Momentum is a vector quantity and its
direction is in the direction of velocity. The SI
unit of momentum it kg m s! or Ns. Its
dimensional formula is [ M'L'T 11

The momentum of a moving body gives some
more information than its velocity. We understand
this by examples. Which one out of a bicycle
and a car moving with the same velocity can
do more harm in colliding with us ? Clearly the
car — becanse due to greater mass its momentam
is more.

Thus mementum is an important physical
quantity.

5.5 Newton’s Second Law of Motion

Newton’s second law of motion gives the
magnitede (value) of the external force acting on
the body.
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When force is applied on a body, its velocity
changes, hence its momentum also changes.
When equal force is applied for equal time on
two bodies—one heavier and the other lighter—
then it is found that the lighter body acquires a
larger velocity but both of them acquire equal
momentum.

Suppose you are moving on a bicycle with

nniform velocity ;‘) Now, if you are not in a
hurry to stop, you will apply the brakes gently
(this produces a small force}. Hence the bicycle
will gradually slow down, and will stop after some
time. But if you want to stop the bicycle quickly,
then you will apply the brakes very strongly (this
produces a greater force) and then only the
bicycle can stop quickly. In both these cases the
change in momentum is the same (becomes zero

from n?v, where m = mass of yourself +
bicycle). But in the second case, greater force
had to be applied because that change was to
be done faster (Remember that when brakes are
applied, pedalling is stopped !)

Thus force has relation with the change in
momentumn and the time taken for that change;
and that relation is obtained from Newton's
second law of motion, stated as under :

“The time—rate of change of momentum
of a body is equal to the resultant external
force acting on it, and this change is in the
direction of the force.”

Hence, if force E is applied on a body of

- -
mass m and momentum p (= mv ), then,

5 -
F = d_f: (5.5.1)
_4d. .2
= g (mv) (5.5.2)

If the mass of body remains constant, then

—_ d_>

= mi¥ 553
F mdt C )
= oodv _ 2
. F =ma (. a)
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Thus force,

- —

F = mass m X acceleration g {554)

The SI unit of force is newton (= N)
The force which produces an acceleration

of l msZ?ina body of mass 1 kg is called 1
N force.

[IN=1kgms?]

(The unit of force in CGS system is dyne
and 1 N = 10° dyne).

The dimensional formula of force is
[ M'L'T2].

From equation (5.5.4), the value of the
resultant force acting on the body is obtained.

—
On applying a force F for time—interval At, on

a body of mass m and velocity 17; ; if its velocity

becomes 1;,:, , then from the measured values of

- -
- - - v, — ¥
v, ¥,, and At; we can find ¢ = ——
1 2 At

- -
and then from m and a; force F c¢an be

calculated with the help of equation (5.5.4),
We note a few important points about this
law :

—_
(DIf F =90 (that is, the resultant external

— -3
force is zero), then ¢ = 0, .. v = constant.

This fact is consistent with Newton's first law.
(2} This law is a vector law. Hence for the

ﬂ
three components Fx, Fy, Fz of the force F,
three equations are obtained as under :

dp

F = drx =ma,
dpy

Fy— 7 =may {5.5.5)
dp

Fzzwi—maz
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(3) The acceleration I{ of the body at a
given point at a given instant is determined by

N
the external force F acting on it at that point
at that instant, and the body has no memory of
its acceleration at previous moments, A body
released from an accelerating train does not have
any acceleration in the horizontal direction at
a moment just after the release — (neglecting the
resistance of air).

—_
(4) In equation (5.5.1) the value of p is not

—
important but the change in p is important. If
the body is steady in the beginning then initially

; = (. But if force I:*‘) acts on it, ;; will change
and that change is important in this equation,
Ilustration 1 : A body of mass 40 kg is
moving in a straight line on a smooth horizontal
surface. Its velocity decreases from 5.0 m s
to 2.0 m s~ in 6 seconds. Find the force acting
on this body. How much distance would it
travel during this time 7
Solution : Taking the direction of motion of
the body as X-—axis, we can write 1-‘-’t =ma, for
the value of force.
From v, = v, + a/.
2=5+af6)
“a =—05ms?
S~ E=ma =@0)(-05=-20N
Thus, this much force is acting opposite to
direction of motion (i. e. acting in negative

X — direction)
From, vf - vmz = Zaxx
4 — 25 = 2(—0.5)x
* x=21m
Ilustration 2 : When 45 N force is
applied on a body of mass m, acceleration of
4.5 m s72 is produced in it. The same force
when applied on a body of mass m',
acceleration of 9.0 m 52 is produced. Find

the acceleration produced by the same force
applied on these two bodies tied together.

Solution :

F=ma ., 45=m{45) .. m=10kg

F=m'a' . 45=m" 00 .. m'=5kg

If after cying these twe bodies together, the
same force produces acceleration a", then

F=m+m')a"
45 = (10 + 5) a” .~

Ilustration 3 : A car of mass 1000 kg,

is moving with a velocity of 30 m s on a

horizontal straight road. On seeing red light of
a traffic signal, the driver applies brakes to
produce a constant braking force of 4 kN.
(i) Find the deceleration (or retardation) of the
car, (i) What time will the car take to stop ?
(iii) How much distance would it travel during
this motion ?

8" =3 ms?

Solution : (i) Taking X—axis in the direction
of the car; the force applied on it would be in
negative X—direction. 4kN = 4 X 10° N

FromF =ma, ; 4 X 10° = (1000)a,

Soa =-4m §72

(i) The velocity of the car becomes zero
when it stops.

S From v, . =v, +at

0=30+ (-4}
T t=75s
(iii) From v? — v 2 =2 ax
0-900=2(—4x
*x=1125m
5.6 Impulse of Force

—»

The product of force F acting on a body
and the time—interval for which it acts is called
impulse of force. From equation (5.5.1)
representing Newton’s second law, we can write,

- -
impulse of force F dt = dp = change in its
Momenium (3.6.1)

When a force of large value acts for a very
short time, it is difficult to get the values of force
and the time interval. But the change in
momentum is measurable. e.g. When a ball of

-
mass m moving with velocity v hits a wall and

5
rebounds with velocity v -, the force exerted on
the ball, by the wall acts for a very small time.

—
By measuring the velocities of the ball v and

—
v' the change in its momentum can be kmown.
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Figure 5.1
Such a force that acts for a very short time
is called an impulsive force.

Ilustration 4 : A ball of mass 150 g
and velocity 12 m s™! coming towards a
batsman is hit by him with a force of 480
N in such a way that the ball moves with
velocity 20 m s™! in the direction opposite
to its original one. Find the time of contact
between the ball and the bat.

If we take the original direction
of the ball as negative X—direction, then

Solution :

1 1

= > - = s -
v =-12i m s, v, =207 m s and
= o
F = 480; N.
Change in momentum of the ball
- — -
AP = pz - p]
- > - -
=my, —my =m v, —v)
= (0.150) [ 207 — (—127)]
=48] kg m 571
%
2= _ 480
me.IFI-T, 430 = At
s Ar=00l1 s,

5.7 Newton’s Third Law of Motion
Newton’s second law of motion gives the

telation between the resultant external force

acting on a body and the acceleration of the body,

(I-?') =m I{)_ But what is the cause of such a
force acting on the body ? Actually the force on
the body is exerted due to amother body (or
bodies). Hence a question may arise — “if the
other body applies a force on the given body,
does the given body apply force on that another
body or not 77 The answer to this question is
obtained from Newton’s third law of motion,
which is stated as under.

“To every action there is always an equal
and opposite reaction.”

Press a spring with your hand. You will
experience that the spring also exerts a force in
the opposite direction on the hand. Here the
spring and the hand were in contact with each
other; so we could feel the force, But when a
stone attracted by Earth falls towards it, does
the stone also exert a force on the Earth ? And
does the Earth also rises up towards the stone ?
— Such questions may arise in our mind. The
answer to this question, according to Newton is
— Yes, the stone also exerts the same force on
Earth in opposite direction as Earth has on it.
But because of the very large mass of Earth the
effect of this force on its motion is extremely
small. Therefore we are not able to see or detect
or feel it, that is, such an effect is negligible.

Thus from Newton’s third law of motion, it
comes out that there exists no isolated force in
nature. Forces are produced only due to
interaction between two bodies. Forces are
produced only in pairs, and the forces in a pair
are equal in magnitude and opposite in direction.
Newton’s own wording of this third law of motion
as given above, is so crisp and beautiful that it
has become a part of day to day conversations.
We make a few clarifications about this law to
avoid any misunderstanding.

{1) In the interaction between two bodies,
any one force is called ‘action’ and then the other
is called ‘reaction’.

{2) It is not correct to suppose that first the
‘action” takes place and then as a result of it
‘reaction’ occurs. Such cause-effect relationship
is not implied in this third law. The force on A
by B and the other on B by A both get
simultaneously applied.

{3) Action and reaction act on two different
bedies, If we represent the force on A by B as

-
FAB
according to this third law,

and the one on B by A as F;A’ then

- -
Fig Faa

ie Force on A | [ie. Force on B
by B | by A
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Therefore, if we want to discuss the motion
of only one body (e.g. of A) then we have to

take the force on that body (F:B ) only, the other

_)
force B, . 1is irrelevant and it is not to be taken

BA

into account. In discussing the motion of only cne
body, A or B, if we say that “adding the two
forces, the net force obtained is zero™, then it is
wrong, because these two forces are acting on
two different bodies. But if we consider the
motion of the system as a whole, consisting of

these two bodies, then these two forces (F:B

and F:A ) will become internal forces and their
total force will be zero (How will it become zero
will be seen in detail in the chapter on Dynamics
of system of particles, in future) Therefore they
are not to be considered for the motion of the
system as a whole. 1t is dve to this fact that
Newton's second law of motion can be applied
to the system of particles also.

For the motion of the system as a whole,
the force within the system is not responsible,
We cannot drive a car by pushing the car by
sitting inside the car. For the motion of the car,
an external force is required to act on it. Now,
you may perhaps feel as to how are we able to
drive a car by starting its engine, which is an
internal part of the car ! Actually, the external
force needed to run the car is provided in the
form of friction with the road. This may appear
surprising to you, but it is true and you will leam
it in future.

5.8 Law of Conservation of Momentum

Newton’s second and third laws of motion
lead to an important result “the law of
conservation of momentum™ . Let us consider an
example of a bullet fired from a rifle. As the
bullet fired from the rifle moves forward, the rifle
is pushed backward (it is called the recoil of a

-
rifle). If the force on the bullet by the rifle is F,
then the force exerted on the rifle by the bullet

-
is =F. Both these forces act for the same time

interval Af, Before the bullet is fired, both the
bullet and the rifle were steady. Therefore their

- -
respective momenta 2, and p, both were zero.

Hence their total initial momentum,

— —>
P, +p, =0 (5.8.1)
Now according to the equation (5.6.1)

obtained from Newton’s second law of motion,

—
change in momentumn of bullet = FAt (5.8.2)

_>
change in momentum of rifle = —FAr (5.8.3)

As the initial momentum of each one of them
is zero, their respective final momenta

(P_')b and p_:,. ), will be equal to the change in

their respective momenta.
—_— -3 —_ -3
Thus p', = FAtand p', = -FAt

(5.84)
From equations (5.8.4) and (5.8.1}, we get

- - - -
p,+p,=0=p + p, (5.8.5)
) Final momentum initial momenfum
€. | of ( bullet + rifle )} = [of(bu]]et-l- riﬂe)]

Here no external force has acted on the
system of (rifle + bullet), hence this system is
called an isolated system. The forces which act
are only the internal forces; and their resultant is
always zero, All these facts are included in the
law of conservation of momentum which is stated
as under :

“The total momentum of an isolated
system remains constant.”

This law is fundamental and universal just
like the law of conservation of energy and the
law of conservation of charge. Moreover, it is
equally true for the interactions between large
bodies like planets and stars and interactions
between micro particles like electrons and protons.
No phenomenon or process can occur which
violates this law,
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[Mustration 5 : A soldier fires bullets,
cach of mass 50 g, from his automatic rifle
with a velocity of 1000 m s71. If he can bear
a maximum force of 200 N on his shoulder,
find the maximum number of bullets which he
can fire in a second.

Solution : Suppose mass of each bullet = m
and maximum g bullet are fired per second.
Before firing the total momentum of bullets and
rifle = 0. After firing, the momentum of every
bullet, p = mvy

. The momentum imparted to bullets per
second = (nmv — () = nmv

Since no external force acts during the
process of firing, the system consisting of (bullet
+ rifle) can be considered as an isolated system
and so its total momentum should remain constant.

.. The momentum received by the rifle, in
opposite direction, in 1 second = nmy

Now, since the change in momentum per
second is equal to force, we can say that the
force on the rifle and hence on the shoulder of
the soldier = nmv

. hnmyv = 200N

. 1 (50 x 1073 kg) X 100 m/s = 200 N

n=45"

Dlustration 6 : A person of mass 60 kg
is standing on a raft of mass 40 kg in a lake.
The distance of the person from the bank is
30 m. If the person starts minning towards the
bank with velocity 10 m/s, then what will his
distance be from the bank after one second ?

Solution : When the person starts running
towards the bank the system (raft + person)
moves backwards.

Suppose, mass of person = m

mass of raft = m,

P

_)

and, velocity of person w.rt. raft = Vpp
-
velocity of raft w.rt. the bank = vy

_)
velocity of person w.rt. the bank = vpp
Taking the direction of running of person as

X—axis,
-2 ~
VPR =10 mfs

. - - -
It is clear that vpy = Vpr + Vppg D

Since no extermal force is acting on this
system of (person + raft) according to the law
of conservation of momentum,

[initia.l momentum] [ final momentum

of ( person + raft ) of ( person + raft)

- -
. 0 - mPPPB + mRvRB
- - -
= mp(v'l,R + Vgg) + m, gy
- —
= m,Vpg + (mP + mR)vRB

" 0 =60 (107) + (60 + 40) vy

el A
vgp = — 6f m/s.
.. From equation (1)
- . e r
Vpp =10 —6f =4f mis
Thus the person travels an effective distance
of 4 m in one second, towards the bank (because

he moves forward by 10 m and the raft moves
backward by 6 m)

.~ After 1 s, his distance from the bank is
30 —4=26m.

Ilustration 7 : A bomb in the steady
state explodes into three fragments. Two
fragments of equal masses move with velocity
30 m/s in mumally perpendicular directions. The
mass of the third fragment is equal to three
times the mass of each of these two
fragments, Find the magnitude and direction of
the velocity of this third fragment.

Y
r. 8
P, @2
1
O —X
— 0 —
P, P,
3
Z
Figure 5.2

Solution : Before explosion, the bomb is
steady. .. itg initial momentum = Q. No external
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force acts on the bomb during the explosion.
Hence, according to the law of conservation of
momentum, the vector sum of the momenta of
all the fragments after explosion must be zero.
Here the mass of each of two fragments is equal
to m. .. Mass of the third fragment = 3 m. If

. . g iy -
their respective momenta are Py, Py and P;.

- - -3
then, p; + py + P3 =0
Taking X— and Y- axes according to Fig. 5.2,

-3 o~ - -
p, =m30) , p, =m(30)]

A ~ s
Som30)i +mGBOy + Gmvy =0
—_ a A

o 3m (v ==30m (F + )

= = ~
vy =-10¢ —107

a1 = (=10 ¥ + (-10 P

= 1042 mis.
V.
_ 2 _ =10 _
And, tan 0 = . - 10 -
s 8 =45°

Thus the third fragment moves at an angle
of 45° with negative X axis and nagative Y axis.
5.9. Equilibrium of Concurrent Forces

The forces, of which the lines of action pass
through the same point, are called the concurrent
forces.

The condition, in which the resultant (net)
force of all the external forces acting on a
particle, becomes zero, is called equilibrium,
Looking from this view point, the steady state
and the state of motion with uniform velocity of
the body are both equilibrium states.

Thus, for equilibrinm Z; =0.

_>
If only one external force F acts on a
particle, then acceleration will be produced in it

-
according to F = ma and the particle cannot

remain in equilibriom. If two external forces 1_:?1

and 1;2 act on the particle, then for equilibrinm

-3 — —
(i. e. for XF = 0), F, =—F . Fig. 5.3 (a, b)

PHYSICS
— —>
F F,
= C >
(a)
— —
Fy Fy
>(€
(b)
Figure 5.3

If more than two extemal forces are acting,
then for equilibrium, their vector sum must be

. -3 - - -
zeroie. F+ K t B +F t ... = 0.

Moreover, since force is a vector quantity,
the sum of the comesponding components of all
the forces should also become zero. i.e.

SF, =0, 3F, =0, IF, = 0.
For a particle remaining in equilibrium, nnder

- -3
the effect of three forces Fp» B and F;, the

— —
vector sum of the two forces (F| + F, ) has

the magnitude equal to that of the
third force and direction opposite to it so that

= - =
F, + F + F =0. [See Fig. 5.4. (a)]

. - - -
Le. F| + B =-K

(a)
—
F3
—_—
Fp
_> -
F1
(b)
Figure 54

In other words, if all the three force vectors
are arranged tail to head, they should form a
closed figure [see Fig. 5.4. (b)] so, the resultant
force becomes zero.
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Iiustration 8 : As shown in Fig. 5.5,
two strings AQ and BO are tied with a rigid
support and a body of 20 kg mass is suspended
with a third string OC. In the equilibrium
condition of thiz entirs systam, the strings AD
and BO make angles of 60° and 30° respectively
with e hortzontal. Assuming all these strings as
masglegs, find the tensions prodnced in these
strings. (Take g = 10 m 5]

Solution : Hege, as the strings are massless,
the force applied at one end of the string is
communicated undiminighed at the other end.
(Thus a massless string works like a postman).

In equilibrium condition, the body and the
point O are steady.

Suppose the tengions in the strings are T,
T,, T, as shown in the Fig. 5.5 in equilibrium
condition.

Figure 5.5
For equilibrium of point C, T, —mg =0

T, = mg = (20)(10)

=200 N O
Take X—axis in horizontal direction and
Y—axis perpendicular to it.

From Fig., x component of T, = T, cos 30°
¥ component of T, = T, sin 30°

x component of T, = T, cas 60°

y component of T, = T, sin 60°

For equilibrium of point 0,

2F, = 0 gives, T cos 30° — T,cos 60° =0

NE) 1

. T Tl_ ET2=0

W 3T -T,=0 &)
2F, =0 gives, T;sin 30° + T, sin 60° — T, =0

T, + £T2—200=0

1
T2 2

[ from eqn. (1))

o T, +4/3'T, = 400 (3)

Multiplying equation (2) with /3 and then
adding in equation (3), we get,

GT, - J3 T+ T, + 3T, =400

< T, =100 N

Putting this value in equation {(3), we pet
T, =173 N.
5.10 Friction

When the bodies are in contact, mutnal
contact, forces are generated in every pair of
particles at their contact surface. This contact
forces obey Newton's third law of motion.
Consider two componeats of this contact force
= (i) the component perpendicular to the contact
surfaces is called normal reaction N (sometimes
in short, called the normal ferce) (ii) the
component parallel to the contact surfaces is
called frictional force f; or in short, the friction,

Such contact forces and frictional forces are

determined by the rouphness of the contact
surfaces at the molecular level. Surfaces of

objects may appear extremaly smooth, but when
viewed through a microscope ‘ridges’ and
‘valleys’ are found all over the surface. Ridges
of one surface and valleys of the other surface
get interlocked with each other and a “cold
welding’® takes place. Hence when one surface
tricg to shift on the other, a force opposing it
comes imio play — which is called the frictional
force f.

Wa consider an illustration. Suppose 2 block
is at rest on a slope inclined at an angle 6, to
the horizomtal. The block exerts force equal to

its weight \_7:( on the surface of slope. This
surface exerts an equal and opposite force l_i

on the block. R is the contact force.

For convinience we chooss the X-axis parallal
to the inclined surface (see Fig. 5.6(a)) Two
mutnally perpendicular components of this force
ﬁ are as under :

(1) the component perpendicular to the
surface in called the normal foree ﬁ

(2) the component paralle] to the surface is
called the frictional force f. In the absence of
such a frictional force f, the block would have
slipped down the slope due to the force W sin §
Such a motion (which actually does not take place
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due to the presence of frictional force) is called
impending motion.

5.6 (a)
Now, IR I = INI* + 1 £ I since the blockis
in equillibrium, 3F =0 and 3 F =0, IF, =0
giveslf_’l—wsinﬁ={) 1)

and Y Fy= 0 gives INT— wcos® = 0 2)
From eqns. (1) and (2),
S

N =tan® 3

(a) Static friction : Consider a body of mass
m lying steady on the horizontal surface of a
table. It exerts a force equal to its weight
W (= mg) on the surface, and the surface exerts
the normal reaction N on the body. From the
equillibrium condition of the body, we can say that

gravitatioual force The normal force N
on the body by the surface on
in downward ditection | = | e pogy in upward (5.10.1)
Wi=mg) direction

AN
I
I
I
I
|
]

¢

e

1
1
1

v

w=mg

(b)
£ N

The body is steady
External force
-0 $

E 2

Static frictional force f
B

b

w=mg

-

(c)
Figure 5.6

Now suppose a small force E is applied on
the body in +x— direction and yet the body does
not come into motion but remains steady. See
Fig. 5.6 (b). If this small force would be the only
force on the body, then it would come into motion,
even with a small acceleration (= F/m). But the
body is still steady. Hence some other force
must be acting on the body in —x direction which

o
balances this force F and makes total external
force zero and thus keeps the body steady.

This other force is the component of contact
force parallel to surface and it is called the
frictional force . It is also called friction or static
friction. This static friction does not exist by itself,

but comes into play when the extemal force acts
on the body.

Now on increasing the external force slightly
and gradually, the body still does not move. Hence
it is clear that the frictional force also must be
increasing in the same proportion, Thus this static
friction is a self—adjusting force. This happens
only upto a certain limit. This static friction
opposes the impending motion. The impending
motion means, the motion that would have
occured (but actually does not occur) under the
effect of the extermal force, if friction were to
be absent.

On still increasing the applied external force

—_
F, the value of frictional force increases only
up to a certain Limit. If the applied external force

becomes slightly more than this maximum
frictional force, immediately the body starts
moving. The frictional force acting on the body
when it is on the verge of starting the motion, is
called the maximum static friction [ sy OF the
limiting fricticnal force. Experiments show that —
(1) maximum static friction does not depend on
the contact area of the surfaces. (2) The
maximum static friction fS (maxy is proportional to

the normal reaction N, ie. f; (maw = N.

The above facts [ stated in (1) and (2) ] are
called the laws of static friction.

Here it is clear that fs(m] = p, N (5.102)

Where |1_ is the constant of proportionality
and it is called the coefficient of static friction.
Its value depends on the nature of surfaces, the
materials of surfaces and the temperature. The
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value of |L_is smaller for a smooth surface than
that for a rough surface. The value of P is in
the range between 0.01 to 1.5. As long as the
steady body is stationary, we can say that
f, SN

Equation (5.10.2) is the relationship between
only the values of fs(m} and N, while their
directions are mutually perpendicular.

Ilustration 9 : A block of mass 4 kg
Tests on a horizontal plane. The plane is
gradually inclined until at an angle of 15° with
the horizontal, the block just begins to slide.
What is the co—efficient of static friction
between the block and the surface ?

Solution : The forces acting on this block
are

(i) Its weight (gravitational force) acting
downwards = mg

(ii) Normal reaction exerted by the
surface = N and

(iii) Static frictional force = j"s (parallel to
the inclined plane).

see Fig. 5.7

Since the block is in equilibrium, the resultant
of all these forces would be zero. Taking two

mutually perpendicular components of weight mg,
as shown in the figure, we can write

mg sin@ =_;:i and (1)
mg cos® =N w(2)
Taking the ratio of these two equations

fs
fi = —
and N (3)

Figure 5.7

As the value of O increases, the value of
tanB also increases and to balance it, the

magnitude of frictional force fs will also

increase vpto certain value. Suppose for
0 = 0__ the magnitude of static friction

becomes maximum, viz. s (max)” Hence from
eqn. (3).
J. S( max )
Ianﬁm = T = I.l.s
. — an-l
S8 =tan” L

When the value of 8 becomes linle more than
Bm, the block starts sliding down because of
(resultant) unbalanced forces acting on it. It is
given that 8 = 15°

SN, = tanl5® = 0.27

Note that 8, _ depends only on i, not on
the mass of the block.

(b) Kinetic Friction :

In the illustration of body on the table in article
(a) discussed above, if the applied external force

.
F, becomes even slightly more than f (max)y’ the
body immediately comes into motion. Experiments
show that as soon as this relative motion starts, the
value of frictional force becomes less than that of

maximum static friction f smayy Sce Fig- 5.8.

AB = f;{max)
B
frictional i
force !
1 |
f
Al
external force F
Figure 5.8

The frictional force opposing the relative
motion of the contact surfaces is called the kinetic
friction. See Fig. 5.9. Like the static frictional
force this kinetic friction also does not depend
on the contact area and it is proportional to the
normal reaction (N). Moreover it is almost
independent of the velocity.

body is in motion
external force 5
|, velocity v

s

kinetic frictional force f,

Figure 5.9
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Here, it ig clear that f, = p N (5.10.3)
where L, is the constant called coefficient of kinetic
friction, Its value depends on the natore of contact
surfaces. Experiments show that p, < 1

We have (0 remember that to bring a body
into motion from steady state, the external force
has to overcome the maximum static friction but
once the body has come into motion, the extemal
force has to face the kinetic friction. The kinetic
friction is always less than maximum static
fnmnnf'(mJ.

Ninstration 10 : A block of mass 15 kg
is lying on en inclined plane of ample 20°. In
order to meke it move upward along the slope
with an acceleration of 25 cm/s?, a horizontal
force of 200 N is required to be applied on it
Calculate (i) frictional force on the block and

(ii) co-efficient of kinetic friction.
Y
/.,X
F
mgcos20°
+ Fsin20°

Figure 5.10

Solntion : The situation described here is
shown in Fig. 5.10. We take X—axis in the
direction parallel to the surface of the slope and
80 Y—axis would be in the direction perpendicular
to the slope. Remember that the block performs
accelerated motion in X—direction and so the
resultant force on it is not zero.

Hence there is no equilibrium in X—direction.
From EF: = ma,

Fco20® — f — mg sin20° = (15)0.25)

" (200009397) — f = (15X9.8)0.3420) = 375
S f=134N

Since the block is in equilibrium in the Y—axis
SF, =0

. N=mg cos2° — F sin20° =0

<. N—(15X9.8)(0.9397) — (200X%0.3420) = 0
S N=207N

Now,

Note here that due to the force F the
(effective) normal force increases.

{c) Rolling Friction : When a disc, ring
or a sphere is rolling without sliding on a
surface, the line (or the point) that touches the
surface remains momentarily steady. On such
a body static or kinetic friction does not act.
Then, why does it stop after rolling over a
certain distance ? Why do they not continue
the motion with constant velocity 7 In such
motions of the body rolling friction is acting and
hence to continue the motion some external force
has to be epplisd. For a body of a given mass
and a given surface, the rolling friction is much
less (sometimes of thousandth part) than the static
and the kinetic friction.

In such rolling phenomena, the contact
surfaces are slightly deformed. Hence instead of
a linc or a point a small area comes in contact
with the surface. Hence, a component of contact
force parallel to the surface (which we call the
rolling friction) comes into play, that opposes this
relative motion. It depends on the radius, spead
and the natare of material of body.

(d) Advantages and Disadvantages of
Friction : Under certain conditions, friction is
undesirable. Due to the friction opposing the
relative motion between different parts in
machines, power is dissipated in the form of heat.
To decrease the kinetic friction in them, lubricants
(e. g. grease, oil, soap, air... ¢tc.) are used,
Another way ia to use ball-bearings. Rolling
friction will act in them which is very much less
than static and kinetic friction. Hence power
dissipation is decreased.

In certain conditions friction is necessary
also. The kinetic friction dissipates power but
it i3 needed to stop vehicles. It is nsed in
brakes in machines and automobiles (What will
happen if we drive a vehicle without brakes ?)
It is anly due to friction that we are able to walk.
It is not posaible for a car to move on a very
slippery road. Normally the friction between the
tyres and road is the necessary external force
needed to accelerate the vehicle. Laws of
friction are not simple and precise like thoge of
gravitation and electric forces. Laws of friction
are empirical and are only apporixamately true.
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However, they are useful in solving the problems
of mechanics.

The process of friction is very complex at
the micro level.
5.11 Dynamics of Uniform Circular Motion
(a) Centripetal force : We have seen in
Chapter 4 that the acceleration of a body of mass
m, moving with a unifoerm (constant) speed v on

2
a circular path of radius r, is v? directed towards

the centre. It is called centripetal acceleration a@_.
Hence according to Newton’s second law of

2
motion, a force F, = % (5.11.1)

is required to be acting on it towards the
centre for such a motion. This force is called
the centripetal force. See Fig. 5.11

Figure 5.11
The required centripetal force for the circular
motion of a planet around the sun is provided by
the gravitational force on the planet by the sun.
In the case of an electron moving in a
circular path around the nucleus, the required
centripetal force is provided by the Coulomb
attractive force on the electron by the nucleus.
Uniform circular motion is different from
the uniform motion mentioned many times
earlier in this chapter. In the uniform motion

=
the velocity-vector ( v ) of the body is constant

and its acceleration is zero. But in the uniform
circular motion the speed of the body on the

_)
circular path is constant, its velocity vector ( v )

2
T
changes and the acceleration is — towards

the centre of the circle.

(b) Motion of a Vehicle on a Level
Circular Path : In Fig. 5.12 (a, b) a vehicle is
shown moving on a horizontal curved path
(such path can be considered as a part of a
circle). It can move safely only if sufficient
centripetal force is acting on the vehicle on
this path, (otherwise it will be thrown towards
outside}. Here the forces acting on the vehicle
are :

TV

(a)

(b)
Figure 5.12

(1) Weight of the vehicle (mg) — in
downward direction (2) the normal reaction
(N) by the road — in upward direction (3) the
frictional force (f) by the road — parallel to the
surface of the road.

Since the vehicle has no acceleration in
vertical direction,

N=-mg=0
(5.11.1)

The required centripetal force F_ for the
circular motion of the vehicle on this road must

be provided by the frictional force f.

s N=mg

(5.11.2)

This frictional force is the static frictional
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force, which opposes the impending motion of the
vehicle away from the centre of the circle. If

the maximum frictional force by the road is f,

(max)

fyimaxy = H,N (from equation 5.10.1)

= Wmg (from equation 5.11.1) (5.11.3)

Where [ = the coefficient of static friction
between the tyres of the vehicle and the road.

From this, we can say that if the speed v of
the vehicle is such that

maximum frictional

2
e force p, mg

force ——
r

requited centripetal
l ] < [ ] (5.11.4)

then only the vehicle will move safely on this road.
(5.11.5)

and the maximum speed for the safe motion

Vo = M T 8

If the speed of the vehicle is more than this
Ve it Will be thrown away from the road. This

V.o has the same value for all vehicles = light

VSR Tg

(3.11.6)

or heavy. See that mass does not appear in
equation (5.11.6)

From this discussion you would be able to
understand as to why do we slow down the
vehicle while turning on a road.

(¢) Motion of a Vehicle on Banked
Curved Road : We have seen that the required
centripetal force for safe motion of a vehicle on
a level circular path is provided by only the
friction of the road. But at the curvature of the
road (at the mrning of the road) if the road is
banked (such that the inner edge of the circular
road is low and the outer edge is high), then, in
the required centripetal force for circular motion;
a certain contribution can be obtained from the
normal force (N) by the road and the
contribution of friction can be decreased, to
that extent. In the Fig. (5.13), the section of the
road with the plane of paper is shown. This road
is inclined with the horizontal at an angle 6. The
forces acting on the vehicle are also shown in
the Fig. 5.13(b).

ANcos0

(b)
Figure 5.13

The forces acting on the vehicle are :

(1) weight {(mg), in downward direction

(2) normal force (N), perpendicular to road,
upward

(3) frictional force (f), parallel to the road.

As the acceleration of the vehicle in the
verticle direction is zero,

Ncos® = mg + f5in0 5.11.1N

. mg = NcosO — fsin6 (5.11.8)

In the horizontal direction, the wvehicle
performs a circular motion. Hence it requires

2
centripetal force % which is provided by the

horizontal components of N and f.

2
. #== Nsin® + feos9 (5.11.9)

Dividing equation (5.11.9) by equation
(5.11.8), we get,

v2 N sin®0 + f cosd
rg ~ Ncosh — f sind

(5.11.10)

We put f = L(m) = W, N in the above
equation to get the maximum safe speed LA
on this road.
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v . Nsinb + p, N cosd

re  Ncosd — p, N sinb

(5.11.11)
9 2ind + p, cosl
© Vimar =8| 0080 — B, sind (5.11.12)

by cosB;, we get

) [ tan® + u,
Voo = T8 m (5.11.13)

- ’ [, + tand
.-'Pm = g-l - tanb (5.11.14)
Comparing equations (5.11.6) and

{5.11.14), we find that the maximum safe speed
on a banked curved road is more than that on
horizontal curved road, since tan® is positive
here.

By knowing the radins of curvature of the
road r, by determining the maximum safe speed
{e.g. 100 kim/h) of the vehicle on this road, and
by knowing the coefficient of static friction p,
between the tyre and the road, the equation
{5.11.14) cnables us to find the necessary angle
of banking 0, of the road and accordingly such
roads shoul be construcied. Moreover a board
indicating such maximmm safe (v,,) should be
placed at a proper place.

Let vs consider following two special cases
in this discussion.

(i) In equation (5.11.14), for p_ = 0
{i. e. friction does not act af all),

v, = Jrg tanb (5.11.15)

If we drive the vehicle at this speed on the
banked curved road the contribution of friction
becomes minimum in the required centripetal
force, and hence wear and tear of the tyres can
be minimised. This speed v, is called the optimum
speed.

(i) If v < v, then the frictional force will
act towards the higher (upper) edge of the banked
road [ See that in the above figure f acts towards
the lower edge of the road ]. The vehicle can
be kept stationary ie. can be parked — om the
banked road, only if 1and < p,

Tlustration 11 : On a amooth, horizontal
surface of a table, a body of mass m is
connected, with a help of a light string
passing through the hole on the surface, to
a body of mass M suspended at the other
end. (See Fig. 5.14)

e
\

4

s

/ :T@ )
m\\ H g

s

by -

g

T

"
Mg
Figure 5.14
(a) In order that the body of mass M remains
stationary obtain the condition for the circular
motion of the body of mass 7 in terms of v and 7.
(b) In the above case to maintain a uniform
circular motion of 2 body of mass 10 kg, with a
speed of 5 m/s, on the path of radiue 2m, what
ghould be the mass suspended at the other end 7
(Teke g = 10 m/s?)
Solution :
(a) In this circular motion if the tension in
the string ig T, then

p
the required centripetal force % =T (O

Where v = speed, r = radiug of path
And for the body of mass M, to remain
steady,

Mg =T @
"":2 = Mg 3)
: % = g s the required coudition
(b) In equation (3) above

10> ’ < Moy
S M =125 kg

IMustration 12 : A disc is rotating around
its centre, in » horizontal plane at the rate of

%mﬁmslminme‘Acoinisp]medua
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distance of 5 cm and another similar coin at
25 cm from its centre. The coefficient of stafic
friction between the disc and the coins is 0.2,
Which coin will be thrown away from the
disc 7 Which coin will keep rotating with the
disc ? (Take g = 10 m/s%, =% = 10)

Solution :

Suppose the mass of each coin = m.

For uniform circular motion of the coin, if

required centripetal  paximum static friction

z <

then the coin can keep rotating with the
disc.
Moreover f;(m) =WN = pumg

¢“N = normal force = mg)

Here time for % rotations = 60 3

*. time for 1 rotation (= T) = ?

) o _ 60 x3 _
.. Periodic time T = 100 =18s
weknowv=%

.*. From above condition

an’r?
- ( T } < uymg
2
rs gl
im

. (02 ) 10) (1.8 )
B (4)C10)
= r<0.162 m
. r< 162 cm
The coin near the centre will rotate with the

disc and the one which is away will be thrown
away.

Hlustration 13 : A cyclist speeding at 18
km/h on a level road takes a sharp circular
turn (without bending) of radivs 3 m without
reducing the speed. The co—efficient of static
friction between the tyres and the road is C.1.
Will the cyclist slip while taking the turn ?

Solution :

_ 18000 _
Hcrcv——3600 =5 mfs,

r=3mand u = 0.1

The formula for maximum safe speed, on a

horizontal curved road is Voax = -\/l»ls rg

Vo = (01X 3)98)
=1714 m 57!

Since the speed of the cyclist (3 m s") is
more than this value he will slip while negotiating
the tumn.

DNlustration 14 : In Ylustration 13 what
should the cyclist do in order to prevent slipping
while passing over the same road ?

Solution : Here, friction does not provide
the necessary centripetal force. If the cycle is
inclined at an angle © with the vertical, the
component of contact force towards the centre
of the circular path would provide the necessary
centripetal force. This is shown in Fig. 5.15.

R 4 Rceosb

contact
force

vertical
direction

: inclined
Rsind /1/ bycyc e

b mg
Figure 5.15

Here, R is the contact force between the
cycle and the road. Out of two mutually
perpendicular components R cosO and R sin@,
R sin® provides the necessary centripetal force.

2
. Rsing = 2 (1)
r
From the figure, RcosO = mg 2)

Dividing eqn, (1) by eqn. (2},
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it L ¥ 0yms
tanf = rg = 0 = n [ g j=4023
{(What do you think can be the reason for
this much inclination ?)
Note : This problem can also be solved by
taking moments of the force.

Mlustration 15 : A circular racetrack
of radius 300 m is banked at an angle of
15° | If the co—efficient of friction between
the wheels of a race—car and the road is
0.2, calculate (i) the optimum speed of the
race—car to avoid wear and tear on its tyres,
and (ii) the maximum permissible speed to
avoid slipping ?

Solution :

(i) Normally, on a banked road the sum of
the horizontal components of normal force and
frictional force provides the necessary centripetal
force to keep a car moving on a circular turn
without slipping. At the optimum speed, the
horizontal component of normal reaction alone is
enough to provide the required centripetal force
and the frictional force is not needed.

From the formula v, = ,frg tand for
optimum speed,

Vy= J( 300 ) ( 98 )( tan15° )
= 28.1 m/s.

(ii) From the formula

n, + tand
L Jrg [1 — Wy m9i|

T 0
. J( 300 X 93 ) [0.2 + tan 15 ]

1 - 02tan15°
= 38.1 m/s
5.12 Inertial and Non—inertial Frames of
Reference

We had seen in Chapter 3 that the place
and the situation from where an observer takes
his observation is called the frame of reference.
Such a frame of reference may be steady, may
be moving with a constant velocity or may be
moving with an acceleration.

Suppose you are sitting in a bus at rest.
‘When the bus starts with a jerk, you are pushed
backward., Now when the same bus is moving
with a constant velocity, at that time no such push
is experienced by you. When the bus was steady
then also you had not experienced the push. If
the driver applies brakes suddenly, you are pushed
forward. Thus during the accelerated or retarded
(decelerated) motion of the bus, you experience
such a push, although no apparent force is applied
on you. Here, it seems that Newton’s first law
is not holding good, because according to this law,
as long as an external force is not acting on the
body, its state of motion should not change.

From this discussion it is clear that Newton’s
first law of motion holds good in a frame of
reference which is either stationary or moving
with a constant velocity, but it is not obeyed in
an accelerated frame of reference. The frame
of reference, in which Newton’s first law is
obeyed is called the inertial frame of reference;
and the one in which it is not obeyed is called
the non-inertial frame of reference. A rotating
reference frame is an illustration of non—inertial
frame of reference. In the obove illustration,
when the bus remains at rest or is moving with
a constant velocity, it is an inertial frame of
reference; but at the time of accelerated (or
retarded) motion, the same bus is a non-nertial
reference frame.

In the nen-inertial frame of reference, we
need to consider one more additional force acting
on a body in discussing its motion. This force is
called pseudo or fictitious force F . A force is
actually exerted during the interaction between
two bodies; but for this pseudo force mentioned
here, no other body seems to interact with the
given body. This force appears (o act only due
to the accelerated motion of the frame of
reference. Hence it is called fictitiovs or pseudo

force F,. The direction of this force F, is opposite
to that of acceleration of the reference frame.

A bedy of mass m, in an accelerated
reference frame is given an additional acceleration
equal but opposite to the acceleration of the
reference frame.

This acceleration is called the pseudo or
fictitious acceleration a,,. The motion of body

-
is analyed by giving this force 15; =m g, in
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the direction opposite to the acceleration of
reference frame, and also considering other
forces which are actually acting on the body. We
imagine such an additional fictitious force in order
to solve such problems in the accelerated
reference frame, using Newton’s second law of
motion. In the inertial frame of reference such a
fictitious force Fp is oot to be considered.

A merry - go - ronnd is also an accelerated
(hence non - inertial) reference frame. For a man
sitting in it and rotating with it, a centripetal force
is required for circular motion which is provided
by the friction between the man and the seat
(and / or normal force by the support at the
back). This is the actual force.

But the man faels that a force is acting on
him towards away from the centre (he feels as
if he is being thrown away). This is the fictitious
force Fp.

Earth is also a non—inertial frame of
reference. But due to its very small acceleration
due to its rotational motion whatever error occurs
in the measurements is extremely small. Hence,
for practical purposes Earth is taken as an inertial
reference frame.

The outcome of the discussion above is : If
the downward acceleration of a nmon—imertial

(means accelerated) reference frame is (3),
then-for an observer inside it to understand the
motion of a body of mass m-all actual forces
acting on the body are also to be considered and

_)
an additional force Fp = m(;) in the upward

direction ig also to be considered and then

Newton'’s second law of motion shounld be used.
Mlustration 16 : Ramesh with mass of
60 kg stands on a spring—balance in a lift, (2)
If the lift moves with an acceleration of
2 m/s? (i) upward and (i) downward what will
be his weight as recorded ? (b) If the cable
of the lift breakes what will be his recorded

weight ? (g = 10 m/s?)

Solution : The gravitational force of the
Earth on a body is called its wcight w and
w = mg.

The weight recorded by the spring balance
is the normal reaction by its surface on the
body. When the lift is steady or moving with
a constant velocity, it is an inertial frame of

reference. At that time, his weight recorded
will be w, =mg = (60) (10) = 600 N.
In the accelerated motion of the lift, the man

and forces on him are shown below in the Fig.

5.16 (a, b, ©).
pacndo
forcg ma

acceleration

R

weight |1 paeudo

mg  force ma weight
mg
(a) {b)
pseudo
force
ma=mg
acceleration
® l of lift
a=3g
weight
mg
(e)
Figure 5.16

(a) (i) Upward acceleration of lift = a

‘. Ramesh inside it is in an accelerated
reference frame. Hence, fictitious acceleration @
should be given to Ramesh in the downward
direction. Moreover his weight mg also acts in
the downward direction. .. The resultant force
on him in the downward direction is W, = mg +
ma =m (g + a). He will exert this force W, on
the balance Fig. 5.16 (a) and surface of the
balance will apply an equal normal force upwards
(normal reaction) on him.

. Weight recorded = W,

=m(g + a)
= 60(10 + 2) = 720 N.
(ii) downward acceleration of lift = a.

. Ramesh ingide it is in an accelerated
reference frame. Hence fictitions acceleration a
ghould be given to him in the upward direction.
Moreover weight myg is acts in the downward
direction. Therefore the resultant force on
him in downward direction is W, = mg —ma =
m (g — a). He will exert this much force W, on
the balance Fig. 5.16 (b). The surface of balance
will apply an equal normal force npward.
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<. Weight recorded = W, =m (g — @)
=60 (10 = 2)
= 480 N.

{b) If the cable of the lift breaks, the lLift will
fall freely with an acceleration, @ = g.

<~ recorded weight W, =m (g — g) =0 N,

This is called the state of weightlessness.
5.13 Guidance for Solving Problems in

Dynamics

(Only for information)

(A) In physics many different words
like = ‘“friction’, *normal reaction’, ‘normal force’,
‘reaction’, ‘action’, ‘air resistance’, ‘thrust’,
‘buoyant force’, ‘pull’, ‘centripetal force’,
‘weight’, ‘tension’ etc. — are used in the
discussion of many different phenomena and
processes. All these terms mean ‘force’ — in
teference to those phenomena and processes.

(B) Tension in a string : When a body
(of mass m) is suspended at the end of a string
hung from a rigid support, the string becomes
tight. In this condition, every region of the string
is said to be in tension. The protons — electrons
near the lower end of the string exert
electromagnetic force on the protons—electrons
of the body near the contact point and vise—versa.
This force is called the contact force. And due
to this contact force; the body does not fall but
remains suspended.

v mg
Figure 5.17

Similarly contact forces also act between one
region and the other opposite rigion at every point
of the siring. They are equal and in opposite
directions according to Newton’s third law of

motion. This common magnitude (i.e. equal value)
of the contact forces between two regions is
called tension produced in the string at each
point.

If the string is light (i.e. massless), the tension
T is the same at every point in the string, (We
shall accept this fact without giving any proof, at
present).

In the Figure 5.17 at point P, tension towards
PO is T, towards PQ is T. At point Q tension
towards QP is T and at O tension towards
OP is T.

Moreover, since the body is stationary it is
clear that mg = T.

(C) Free Body Diagram ( FBD) : We can
solve different problems of dynamics using
Newton’s three laws of motion, which we have
learned. Sometimes in a given problem more than
one body is involved. Such bodies exert force on
each other. Moreover every body (object) also
experiences gravitational force. In solving such
problems, out of the assembly of bodies or
systems; we have to take that part asa
‘gystem’, of which the motion is to be discussed.
And the remaining parts of the assembly and
other agencies which affect our system are taken
as ‘environment’.

To solve the problem, we should proceed
acecording to the following steps :

(1) Draw a schematic diagram showing the
assembly of different object, other objects
connected with them, and those which support
these objects.

(2) Select the object (or objects) as ‘system’,
of which we want to discuss the motion.

If the system under consideration is made
up of more than one object, then take care that
the acceleration vector (magnitude + direction)
of all these objects should be the same.

(3) Make a list of the forces acting on the
system by the remaining parts of the assembly
and by other agencies. In this list, the forces
acting inside the system are not to be included.

For example, a coolic standing with a heavy
load on his head is shown in Fig. 5.18 (a) (b)
(c). The forces acting in this case are as
follows : (i) weight of the load mg (acting in
downward direction on coolie and on load).
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(ii) normal force of reaction (N,) on the load by
the coolie (in the vpward direction) (Note clearly
that this force is not on the coolie but is on the
load) (iii) weight of the coolie, Mg (this force
acts in the downward direction on both, the
coolie and the ground) (iv) normal force of
reaction (N} on coolie by the ground (in the
upward direction) (v) the force on the ground,
(m + M) g. Which of these forces should be
considered depends on the choice of the system.

Ny
N
E': load coolie
mg
(b) (c)

Figure 5.18

If we are interested in the state of motion
of the load, we should consider the forces acting
on the load only, viz. (i) and (ii).

If we are interested in the state of motion
of the coolie only, we should consider coolie as
our system and consider the forces acting on the
coolie only, viz. (i), (iii} and (iv).

If we are interested in the state of motion
of (coolie + load), we should consider the
forces acting on both the coolie and the load
viz. (@) (m + M) g and (b) Nz. Here, the force
by the coolie on the load or the force by the
load on the coolie are not considered as they are
internal forces between the parts of the system.

(4) Showing a system as a point, all the
forces acting on it are depicted as vectors from
that point. This figure is called the free body
diagram (FBD). This does not mean that the
system under consideration is free from forces-

actvally, only the forces on the system are shown
in the figure.

In this figure the forces exerted by the system
on the environment are not to be shown.

(5) Now choose X—axis in the direction of
actual or likely motion of the system. The
direction normal to it becomes the Y—axis.

Now find the resultant of the X—components
of the forces on the system. Write an equation
showing that this value (resultant) is equal to the
product of the mass of the system and its
acceleration in X—direction. Similarly the
Y-components will give another equation. Such
equations are called the equations of motion. By
solving such equations we can determine the
unknown quantity (or quantities) in them.

(6) If the number of unknown quantities is
more than number of equations obtained, then we
take another part of assembly as another system,
obtain equations from its FBD and hence find
the solutions.

Niustration 17 :As shown in Fig. 5.19 two
blocks 1 and 2, of the same mass, are in contact
with block 3. The co—efficient of friction between
the surfaces of 3 and 1 and that between 3 and
2 is W. The blocks 1 and 2 are tied by a light
siring and the string is passed over a fTictionless
pulley. With what minimum acceleration should
the block 3 move, in horizontal direction, so that
there is no motion of | and 2 wrt, 3 7

[This illustration is only for information]

1
—
a —> 3
2
Figure 5.19

Solution : Suppose the minimum acceleration
(required) of block 3, in horizontal direction, is a.
The forces acting on block 1 are :

(i) The gravitational force of the Earth = mg
downward,

(ii) The normal force exerted by the surface
of block 3 = N, {upward)
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(iii) The force of the tension exerted by the
string = T (towards right)

(iv) The force of friction = UN, (towards
left)

(v) Pseudo force = ma (towards left)

The FBD for block 1 (considering it as the
system) is shown in Fig. 5.20. Since there is no

acceleration in the vertical direction N, = mg
and in the horizontal direction ma + uNl =T

D!
! T
ma _____@———
KNy
mg
Figure 5.20
*ma+ pmg="T (1)

The forces on block 2 are ;

(i) The gravitational force of the Earth = mg
(downward),

(ii) The normal force exerted by the surface
of block 3 = N, (towards right),

(iii) The force of tension exenied by the string
= T (upward},

{iv} The force of friction = N, (upward)

{v) Pseudo force = ma (towards left)

The FBD for block 2 (counsidering it as the
system) is shown in Fig. 5.21. Since there is no

acceleration in the horizontal direction N, = ma
and in the vertical direction N, + T = mg
. Mma + T =mg

T
HUNp
2
ma Ny
B
Figure 5.21

Substituting the value of T from eqn. (1),

pma + ma + umg = mg
tap+bh=gd-w

oo (l-p
.a_g(lw]

Illustration 18 : In an accelerating goods
train, 25 wagons of equal mass are attached w
the engine. Show by calculation whether the
tension in the coupling between the fourth and
the fifth wagon is the same as that between
twenty first and twenty second wagon.

Solution : Suppose the pull of the engine
on the first wagon = P.

friction on every wagon = f

mass of every wagon = m

acceleration of entire goods train = «.
—}

Flgure 5.22

Considering the FBD of the first four wagon

P—4f - T, = resultant force = (4m)a

* T,=P — 4 (f+ ma) (1)

This T, is the tension between the fourth and
the fifth wagon.

Similarly considering FBD of the first 21
wagons,

T, =P - 21 (f+ ma) )

This T,, is the tension between 21st and 22nd
Wagons.

From equations (1} and (2} it is clear that
T, # T, and T,> T,,.

Illustration 19 : A block (A) of 20 kg is
put on a frictionless surface and another object
(B) of mass 2 kg is placed over it. The co-
effecient of friction between the surfaces of A
and B is 0.25. A horizontal force of 2 N is applied
on B. Calculate (i) the acceleration of block A and
that of object B, (ii) frictional force betwen A and
B and (iii) Calculate all these quantities again if the
force on B is of 20 N. Take g = 10 m s™2.

Figure 5.23
: It is clear that as long as the
applied force is less than the maximum static

Solution
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force of friction, there would not be any relative
motion between A and B this means thet both
the object would move, under the effect of
applied force, as if they are the one object.

In the present case, maximum static frictional
force = pmg

=025 (10=5N

(1) When a force of 2 N is applied on B
thexe would not be relative motiom between A
and B and so the acceleration of both would be
the same, gay a mTasg X acceleration = force

L@+Wa=2.a= =00me?

(ii) The frictiongl force between A and B
F=F—-ma=2-(2) 009 =182

(iil) When a force of 20 N is applied on B,
gince it is more than maximnm static frictional
force (5 N), now there will be relative motion
between A and B, Hence the magnitudes of their
accelerations would be different In this position
the FBD of both A and B will be ag shown in
Fig. 5.24.

!

N

I .._«
L]

[

L]

Figure 5.24

From this 20 — 5 = 2 4, .. @, = 7.5 m &2

and 5=20a, - a, =025 ms2

Iiostration 20 : Three blocks of masses
m = 1kgand m, =2 kg and m, = 3kg are
connected by massless strings and placed on a
horizontal frictionless surface as shown in Fig.
5.25.AfumaF=12Nisappliedtommm1
ag shown. Calculate (i) the acceleration of the
system, (i) tension (T,) in the string between m,
and m, and (iii) teasion (T,) betweea rz, and m,.

m

Tz F
Fig. 5.25
Solution : (i) The acceleration of system
s Total force _ 12 — 2 m g2

Total mass ~ 1+2+3

@) T, =(m, + m)a= (2 +3) ()
=10N

(iji)T3=mza=3x2=6N

Solve this numerically by assuming that the

smfome(lZN)ncmmmsmwards]eﬂand
write your conclusion.

SUMMARY
1. 'We shall consider the canses of motion and changes in motion.
Aristolcls concept — that force is required to continue the motion of the body
is not true. In practice whatever external force that is required to continue the
motion with a constant velocity is only tp counter the friction (which ig also an

external force).

3. The law of inertia given by Galileo was represented by Newton as the first
law of motion : “If no external force acts on a body, the body at rest remains
at rest and a body in motion continues to move with the same velocity.”
This law gives us the definition of force.

4, The momentum of a body ; = m: is a vector quantity. It gives more

information than the velocity.

5. Newton'’s second law of motion : The time—rate of change in momentum of a
body is equal to the resultant external force applicd on the body and is in the

direction of the external force.
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10.

11.

- e d —_
F =dp / dt =ma is the vector relationship.
The SI unit of force is newton (=N). Il N=1kg m s~2. This law gives the

value of force. It is consistent with the first law. (ﬁ = 0 indicates that
@ = () In this equation the acceleration of the body E’ is that which it has

—
when the force is acting on it. (Not of the past !}. F is only the resultant
external force.

The impulse of force is the product of force and the time for which it acts.

_’
When a large force acts for a very small time, it is difficult to measure F and
At but the change in momentum can be measured, which is equal to the impulse

s
of force (F AP

Newton’s third law of motion : “To every action there is always an equal and

opposite reaction.”
- —) _’ - .
Forces always act in pairs, and F ,; = —F .. The action and the reaction

act simultaneously. They act on different bodies, hence they cannot be cancelled
by adding. But the resultant of the forces between different parts of the same
body becomes zero (You will get the explanation on how this happens, when
you study the chapter on “‘Dynamiecs of system of particles.” in future in the
next semester.)

The law of conservation of momentum is obtained from Newton's second law
and the third law. It is written as — “The total momentum of an isolated
system remains constant.”

The concurrent forces are those forces of which the lines of action pass through
the same point. For equilibrium of the body, under the effect of such forces,

-
2 F must be = 0. Moreover the sum of the corresponding components also
should be zero. (XF, = 0, XF, = 0, XF, = 0)

Friction is produced due to the contact force between the surfaces in contact.
It opposes the impending or the real relative motion.

Static frictional force f, < f = M, N and

(rmax)
the kinetic friction is f; = b, N

1, = coefficient of static friction
W, = coefficient of kinetic friction and [, < [L_.

On a body performing uniform circular motion a force equal to mn? / r acts
towards the centre of the circular path. This is called the centripetal force.

The maximum safe speed on level curved road is v, = ,f B, rg
The maximum safe speed on a banked curved road is

p, + tand
Vimar = Jrg (1 - pstanﬁJ




124

PHYSICS

12. The reference frame, in which Newton’s first law of motion is obeyed is called

the inertial frame of reference and the one in which it is not obeyed is called
non—inertial frame of reference. The frame of reference with constant velocity
is an inertial frame of reference and one which has acceleration is non—inertial
frame of reference.

An additional (fictitious) acceleration equal but opposite to that of the non—
inertial reference frame is considered on the body to solve problems on motion
for accelerated frame of reference.

| EXERCISES

Chose the correct option from the given options :

1.

(]

When a force acts on a body of mass 100 g, the change in its velocity is
20 ¢m s~! per second. The magnitude of this force is ......... N

(A) 0.2 (B) 0.02 (C) 0.002 D) 2.0

A bullet of mass m, moving horizontally with velocity v hits and gets embedded
in a wooden block of mass M resting on a horizontal frictionless surface. What
will be the velocity of this composite system ?

my My

Vv pm— ®M_m

My my
(C)M+m (D)M+m

The accelerated motion of the vehicle on a horizontal road is due to what ?
(A) Engine of the vehicle

(B} Driver

(C) Earth’s gravitational force

(D) Friction between the road and the vehicle.

An object of mass 8§ kg is suspended through two light spring balances as
shown in the figure Then,

(A) both the balances will read 8 kg.

(B) both the balances will read 4 kg.

(C) The upper balance will read 8 kg and the
lower balance will read zero.

(D) The balances will read any value but their
sum will be 8 kg.

Figure 5.26

A block of mass m is placed on a smooth inclined plane of angle 8. The
normal force exerted by the surface of the plane would be .......... .

(A) mg (B) % (C) mg cosd (D) mg sind

A block of mass m is placed on a smooth slope of angle 8. The whole system
(slope + block) is moved horizontally with acceleration ¢ in such a way that
the block does not slip on the slope. Hence, a4 = .......... .

(A) g tan® (B) g sinB (C) g cos0 (D) g / 5in®
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10.

11.

12.

13.

14,

-
n

A block is placed on the top of a smooth inclined plane of inclination 9, kept
on the floor of a lift, When the lift descends with a retardation 4, the relative
acceleration of the block, parallel to the surface of the slope, is .......... .
(A) g sinb (B) asind

(C) (g — a)sinD D) (g + a)sinG

Which of the following statement is correct ?

(A) A body has a constant velocity but a varying speed.

(B) A body has a constant speed but a varying value of acceleration.

(C) A body has a constant speed and non-zero constant acceleration.

(D} A body has a constant speed but varying velocity.

A reference frame attached with a geostationary satellite moving around the
earth can be regarded as .......... .

(A) non-inertial (B) inertial

(C) any one of them (D) none of above

A persen standing on the floor of a lift drops a coin. The coin reaches the
floor of the lift in time ¢, if the lift is stationary and in time ¢, if it is accelerated
in npward direction. Then

Ayt =1t B): <t

> (D) cannot say anything,

A person standing on the floor of a lift drops a coin. The coin reaches the
floor of the lift in time 7, if the lift is stationary and in time #, if it is moving
with vniform velocity in upward direction. Then

(Ay e =t By <t

© ¢ >t (D) cannot say anything.

N bullets, each of mass m, are fired normally towards a wall at the constant

rate of n bullets per second with velocity v. They stop on the wall. Hence, the
reaction on bullets by the wall is .......... .

(A) nmv @®) N ) ™m o v

n v m
A force acts on an object of mass 1.5 kg at rest, for 0.5 s, After the force
stops acting, the object ravels a distance of 3 m in 2 s. Hence, the magnitude
of the force will be ..covuees

(A)S N B) 75 N © 10N (D 125 N

A force of 4 N acts on an object of mass 2 kg in X—direction and another
force of 3 N acis on it in Y—direction. Hence, the magnitude of the acceleration
of the object will be ....coee

(A) 15 ms? B) 20 m 52 ©25ms? @) 35ms?

. A rope which can withstand a maximum tension of 400 N hangs from a tree.

If a monkey of mass 30 kg climbs on the rope in which of the following cases
will the rope break ? (Take g = 10 m 52 and neglect the mass of the rope.)
(A} When the monkey climbs with constant speed of 5 m 1

(B) When the monkey climbs with constant acceleration of 2 m §2
(C) When the monkey climbs with constant acceleration of 5 m s 2

(D) When the monkey climbs with constant speed of 12 m s~
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16. A ball with momentum 0.5 kg m s coming towards a batsman is hit by him
such that it goes on the same path in opposite direction with momentum 0.3 kg
m s, If the time of contact of the ball with the bat is 0.02 s, find the force on
the ball by the bat.
(A) 10 N (B) 40 N ()75 N D) 30 N

17. A block of mass 1000 kg lying steady on the horizontal surface of a table needs
200 N horizontal force to come into motion. What is the coefficient of static
friction between the block and the surface of table ?

[take g = 10 m s

(A) 0.2 (B} 0.02 (C) 0.5 (D) 0.05.

18. As shown in the figure, a horizontal force of 70 N is applied on a system of
blocks of masses 4 kg, 2 kg and 1 kg placed on a frictionless horizontal surface.
If the tension in one string is T, = 60 N, find the tension T, in the second string.

4k
2 2kg lkg F=70 N

T,
” |
/////////////// |

Figure 5.27

(A)40 N (B) 60 N () 20N ) 10N
19. A body of mass 30 kg at one end

and another of 50 kg at the other

end of a string passing over a

frictionless pully are suspended as

shown in the figure. What is the

acceleration of this system ? 30kg

[take g = 10 m 2] | sokg
(A) 8 m s (B) 6 m s~ Figure 5.28

(C) 2.5 m 572 (D) 2 m s~

20. As shown in the figure blocks of S kg

masses 2 kg, 5 kg and 3 kg are

arranged with light strings and

frictionless pully fitted on frictionless 2kg g kg
horizontal surface. What is the

acceleration of this system ?

[take g = 10 m 57

(A) 1 m s? (B) 2 m 572
(C) 5ms? (D) 8 m 572

Figure 5.29

21. What is the value of the foroe?-‘-)
to be applied horizontally on a block
of mass 5 kg which is in contact
with a wall, as shown in the figure.
(take g = 10 m 5% such that it
does not fall down. The coefficient
of friction between the block and
the wall is 04,

(A) 200 N (B) 20 N
(C) 125 N (D) 125 N Figure 5.30

INNORNONNN
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22,

(3]
w

24.

A stationary bomb explodes into three pieces. If the momenta of two pieces

are 27 unit and 3} unit respectively, then what is the value of the momentum

of the third piece ?

(A) 13 unit (B) 5 unit {C) 6 unit (D) 13 unit

. As shown in the figure, one block of 2.0 kg at one end and the other of 3.0 kg

at the other end of a light string are connected. If this system remains stationary,
find the magnitude and direction of the frictional force. (take g = 10m s7%)

(A) 20 N, downward on slope
2kg

(B} 20 N, upward on slope 3kg

(C) 10 N, downward on slope

30°
(D} 10 N, vpward on slope.

Figure 5.31

A man sitting in a rain moving with uniform (constant) velocity tosses a coin
wpward from his hand, which comes back in his hand after sometime. What
will be the nature of motion of the coin observed by a steady observer on the
ground outside the train ?

(A) parabola (B) horizontal
(C) Straight line upward and then straight line downward. (D) circular

. Consider a pendulum suspended from the ceiling of a room and oscillating in

the vertical plane suppose that the string breaks when (i) the bob is at the end
position of its path, (ii) bob is in the mean position of its path, What will be the
nature of the path of bob, till it touches the ground.

(A) (1) curved towards downward; (i) straight line downward

(B) (i) straight line downward, (ii) parabola
(C) (i) straight line upward; {ii) parabola
(D} (1) straight line vpward; (ii) curved towards downward

. Seven blocks each of mass 10 kg are

arranged one above the other as shown in 7
Fig. 5.32. What are the values of the contact 6
forees exerted on the third block; by the 5
fourth block and the second block 2
respectively ? 3
(Take g = 10 m s7%) 2

1
(AY40 N, 50 N (B} 50 N, 40 N Figure 5.32

(C)40N, 20 N (D) 50N, 30N
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ANSWERS

L. ® 2 @O 3 O 4. (A) 5. (C) 6. (A)
7. ® 8 (O 9 (A) 10. (©) 11.(A)  12. (A)
13. B) 14. (© 15 (©) 16. (B) 17.(B)  18. (A)
19. (©)  20. (A) 21. (D) 22. (A) 23.(A)  24. (A)
25. B)  26. (A)

Answer the following questions in short :

1.

A ball of masg 0.2 kg is thrown in the vertical direction with a velocity of
2 m ¢!, At the top of itz path (i) what is the valus of itz velocity ? (ii) What
is the valpe of its acceleration ? (iii) what is the value of the force acting on
it ?7[ Teke g = 10 m/s? ] [Ans. : 0, 10 m/s%, 2N]
Define inertia

What is meant by non—inertial frame of reference ?

‘What is similar from the dynamics point of view between a book lying stationary
on the horizontal table and a raindrop falling downward with constant speed ?
F — ¢ graph for a body is shown in the fipure. What is the chanpe in the
value of momentum in the initial time interval of 0.03 s ?

Y
t
10 A ?B
I
|
F s {
(N) |
§C N
0" 001 002 003 ¢
Figure 5.33
[Ans. : 0.3 kg m s"]
What is impending motion ?

Give the dimensional formula of impulse of force.

(@) (b)
Figure 5.34
Can you tell which beaker is steady and which is coming down with acceleration,
in the above figure 7 [Hint : The level of a steady liquid remains horiozontal.
On the liquid in the accelerating beaker fictitious force acts opposite to
acceleration of beaker.]

In uniform circular motion (i) only the value of velocity is constant (i) velocity

vector is constant (ini) direction of welocity is constant Select the correct.
[Ans. : ()]

[Similar questions for acceleration, momentum and force can be formed.]
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10.

Which out of (i) value of velocity, (ii) value of acceleration, (iii}value of force,
(iv) the momentum vector of the body is not constant during uniform circular
motion ? [Ans. : (iv)]

Answer the following questions :

1.

b

Define momentum, Write Newton’s second law of motion and hence derive

- _, _}
the equation F = ma
Write the law of conservation of momentum and explain with an illustration.

Give Newton'’s first and second laws of moticn. State which information they
provide about force.

Explain about the static friction and give its laws.

Obtain the formula for the maximum safe speed (v,,, ) of a vehicle on a level
curved road.

For a vehicle moving on a banked curved road, using free body diagram
(FBD), obtain the formula for the maximum safe speed (v, )

State advantages and disadvantages of friction.

Solve the following problems :

1.

¥ ]

Two balls, each of mass 80 g, moving towards each other with a velocity
5m s, collide and rebound with the same speed. What will be the impulse of
force on each ball due to the other ? What is the value of change in momentum
of each ball ? [Ans. : 08 N S, 0.8 kg m s7']

Two blocks of masses 6 kg and 2 kg are placed in contact on a horizontal
frictionless surface. If a horizontal force of 2 N is applied to mass 6 kg. to
move them together, what will be the acceleration of 2 kg block 7 What will

be the force on this block ? [Ans. : 0.25 m 52,05 N]

Three blocks of masses 1 kg,
2 kg and 3 kg are placed in contact
with each other on a horizontal
frictionless surface as shown in 12N
Fig. 4.28. A force of 12 N is —_— 1 ) 3

applied as shown in the figure,
Figure 5.35
Calculate (i) the acceleration of the system of these three blocks, (ii) the contact

force acting on 2 kg block by first block of 1 kg and (jii) the contact force on
3 kg block.

[Ans. : (i} 2 m § = (ii) 10 N iii) 6 N]
A block of 50 kg on a smooth
plane inclined at 60° and
another block of 30 kg on a 50
smooth plane inclined at 30° kg

with horizontal, are cannected
by a light string passing over a 60° 309

kg

frictionless pully as shown in the
Fig. 5.35. Figure 5.36

Calculate the acceleration of the blocks and tension in the string.

[Take g = 10 m 52, V3 = 1.7] [Ans. : 3437 m 2, 253.11 N]
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5.  Two blocks, each of mass 3 kg, are connected by a light string and are placed
on a horizontal surface. If a force of 20 N is applied in the horizontal direction
on either of these blocks, the acceleration of each block is 0.5 m s2 Assuming
that the frictional forces on the two blocks are equal, calculate the tension
produced in the string. [Ams. : 10 N]

6. As shown in Fig. 5.37 unequal c <Y,

forces l-Tl and F2 (F2 < F]) act

on a rod of length L. Calculate
the tension at a point situated

at a distance y from end A, Figure 5.37

[Ans.:T=F](1—%)+F2[ % J]

v
7. For a body of mass 2.0 kg *my

moving in a straight line, the

graph of its distance x from 30
the starting point — time f is
shown in the Fig. 5.38 Find
the value of impulse of force 10 /
at. 1) f=2sand (ii) =06 s

for very small time intervals.

P T [F

L >

F 3

20

> X
2 4 6 & 10 s)

Figure 5.38
[Ams. : (i) 0, (ii} 30 N s]
8. Two objects of masses m and m,; start moving towards each other under
the effect of only the gravitational force on each other. If the distances
travelled by them are s, and s, respectively when they meet, find the
8 8
_1. [Ans. : 14 = &]
Sy S, m,
9. The upper half of an inclined plane of inclination 8 is perfectly smooth
while the lower half is rough. A block starting from rest from the top of
the plane; if comes back to rest at the bottom, what is the coefficient of
friction between the surface of the block and the rough surface of the
inclined plane ?

ratio

[Ans. : L = 2tan8]
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6.1 Introduction

Dear students, we all are familiar with the words work,
energy and power. When a teacher is teaching, student is
studying or a man is pushing a table, in all these cases they are
said to be working. But in physics ‘work’ has a very precise
meaning. The meaning of ‘work’ in physics is very much different
from the picture that arises in our mind when we hear the word
‘work’. In daily life, in order to work we spend energy. e.g.
moving a table. For this purpose we have to apply force and
then ‘work’ is done. From the physics perspective, for ‘work’
to be done, displacement in the direction of force is necessary,
No work is done, as far as the physics point of view is
concerned, if one keeps reading only, sitting only at one place.
(Perhaps it can be considered to be mental work). Some times
in order 1o assess the elficiency of persons, we compare the
work done by two or more persons in the same period of time.
Now let us understand, what exactly is the meaning of ‘work’
in physics.
6.2 Work and Work done by a Constant Force

As mentioned earlier, from the physics point of view, work
is said to be done only if some displacement is in the direction
of a force or a component of displacement is in the direction of
the force. We can have a rough idea of work done by knowing
the change in the magnitude of velocity.

——F

¢ d =
Figure 6.1
As shown in Fig. 6.1 suppose a block lying on a horizontal

_}
surface, when acted upon by force F, undergoes displacement

‘_-,: in the direction of the force. It is clear that if the block
travels more distance under the influence of this force the
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change in the magnitude of its velocity will be more
0 - \»‘02 = 2ad). Also if magnimde of the force
is more then change in the magnitude of velocity
will be more (*.* F = ma). Thus change in the
magnitude of velocity depends on the magnitude of
displacement and the magnitude of force. If the
force and displacement are in the same direction
‘work” can be defined as follows.

The product of magnitude of force and
displacement (in the direction of force)
during which the force acts is called work.

Thus, work is given by

W =(F) X (@)

Unit of work is N m or joule. Its dimensional
formula is M! L2 T (When is 1] work said to
be done M

For information only :

Unit of work, ‘Joule' is named in
memory of the British Physicist James
Prescott Joule, His main contribution is in
the field of Heat. He estabished
equivalence between heat and work, After
a series of experiments he proved that in
order to produce 1 calorie heat 4.186 Joule
work is required. i.e. 1 calorie = 4.186
Joule. This constant is also known as
mechanical equivalent of heat (or Joule's
constant). It is noteworthy that heat is
measured in terms of calorie also besides
Joule. (Amount of heat energy required to
be given to 1 g pure water to increase its
temperature from 14.5°C to 15.5°C is
known as 1 calorie.)

So this is the definition of work, if force and
displacement are in the same direction. But force
and displacement are not found to be in the same
direction always. So the definition of work is
generalised as follows.

2 Fsind F

9 5
Fcos0

-— —>

Figure 6.2
Product of magnitude of displacement
due to force and magnitude of component of
force in the direction of displacement is

known as work. As shown in Fig. 6.2 angle

between force ]__5 and displacement E of the
block is 8. So the magnitude of displacement is
d and magnitude of the component of the force
F in the direction of displacement is F cos 0,
Thus, work,
W =F cosB X d
=F d cost

—
Here F and d are magnitndes of force F

(6.2.1)

—
and displacement 4 . Note that in spite of force

Y
F and displacement } being vectors, work W

is a scalar quantity. So, equation 6.2.1 can also
be written as,

-

W=F 4 6.22)

Now let us see some special cases of work.

@) If 8 = 0, as shown earlier force and the
displacement are in the same direction. Thus,
work,

W = Fd

For example the gravitational force acts
in the downward direction on a freely falling body,
and displacement is also in the same direction.
Thus work done is,

W=Fxd

= mgd

Where d is the magnitude of displacement,
m is the mass of the object and g is gravitational
acceleration,

(i) If © = n/2, the force is perpendicular to
the displacement and so work done is,

W = Fcosn/2 X d

=F0)xd=0

Thus, when the force and the displacement
are perpendicular to each other, no work is done
by the force on the body. The acceleration
produced by the force, in this case, is
perpendicular to the velocity, and so it is capable
of changing only the direction of the velocity. In
the case of a uniform circular motion the
centripetal force acting on the body is
perpendicular to the the instantaneous velocity and
hence to the instantaneous displacement also. So
no work is done. Geostationary satellites move
in a definite orbits, work done by the gravitational
force on earth is zero.

- -
(ili) If @ = m, force F and displacement d
are in opposite directions, thus
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W = Fcos(m) X d

=F(1)Xd
= —Fd

This shows that when force and displacement
are in opposite directions the work done is
‘negative’, and work is said to be done by the
body against the force. When brakes are applied
to a car moving with high speed, the force of
friction, produced by the brakes, is in the direction
opposite to displacement and so work is said to
be done by the car against the frictional force.

If 0 £ 6 < r/2, since value of cos® is
positive, work done is considered to be positive.
But if ©/2 < B £ 7 as value of cos0 is negative,
work done is negative.

Here, it is noteworthy that, if the force and
displacement are in the same direction, presence
of some other force is also indicated. It is also
possible that body might be having initial velocity
which is not in the direction of the force.

Ilusration 1 : When force (3, 2, 1) N
acts on a body displacement of the body in
the direction of X—axis is 5m. Calculate work
done.

Solution :
Here d = 5{
- -
W=F-d
=@ +2] + k) 6D
= 157

[What would have been the work done if
same displacement were in direction of y and z
axis. Calculate yourself.]

Ilustration 2 : Natvarlal’s bicycle gets
dragged on a road through a distance of 10 m
before it stops. During this, a frictional force
of 200 N acts on the bicycle in the direction
opposite to its motion, by the road. Find
(1) the work done by the frictional force on
the bicycle and (2) the work done by the bicycle
on the road.

Solution : Here, the force of friction and
the displacement of the bicycle are in mutually
opposite directions and so 8 = «. Thus, the work
done on the cycle by the frictional force due to
the road is W = Fdcos® = (200} (10) (-1) =
—2000 J.

According to Newton’s third Law of Motion
the bicycle also exerts an equal and opposite force
on the road, but the road does not get displaced
dve to this force. Hence, the work done by the
cycle on the road is zero.

This example shows that if a body A exerts
a force on a body B, the body B also exerts an
equal and opposite force on A; but the work done
by A on B is not necessarily equal to the work
done by B on A,

Niustration 3 : A block lying on a rough
horizontal surface (as shown in Fig. 6.3) is

—3
displaced through a distance by a force F
acting at an angle 6 with the horizontal. If |L
is the coefficient of friction between the block

and the surface, find the work done, The mass
of the block is M.

J? + F.’ﬂne

FsinB'| ¥
i )
—_ o Rt

f = OS5 D
77 7////////F////////////////////// /.
—

d
Mg

Figure 6.3
Solution : FBD {(free body diagrams) of the
block is shown in Fig. 6.4.

A

Y =
h Fs mB // F
friction N
4/ Fcosb
€ ) > > X

—
displacement

W

Mg

Figure 6.4
As there is no displacement in Y—direction,
N + Fsinb = Mg
N = Mg — Fsinf (1))
The force responsible for horizontal
displacement is
= FcosO — N = Fcos9 — p(Mg — FsinQ)
(from eqgn. (1))
- Work = [ Fcos8 — n(Mg — Fsin®)] 4
= [ F{cosO + psin®) — pMg 1 d
6.3 Work done by Variable Force
In many situations of the work done, a
variable force is responsible. For example a spring
is fixed at one end on a horizontal surface. If at
the open end it is compressed using a block, work
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is done under the effect of a variable force, We
will consider this situation later in this chapter.

Consider a particle moving along a curved
path AB, as shown in Fig. 6.5 under the effect
of a variable force.

Y
A -
F
n b, L
. 25
l:'2 62 /,/’ ﬁfn
ol
F; ; Bk
&/
—
Al
A
O » X
Figure 6.5

The magnitude and direction of force at
different points on the curved path are different.

In order to calculate the work done, the
whole curved path is assumed to be divided into
small segments AE:, A?;,...., AE;. Each
segment is so small (infinitesimal} that it can be
regarded as a straight line segment and can be
considered as a vector.

- o -
Let K, F,... K, be the forces at the

respective line segments. The force over each
such segment can be considered constant
because the segments are very small,

Therefore, for the displacement over each
line segment, the work can be calculated by
taking scalar product of the local force with
the small displacement. The total work, for the
motion of the particle from A to B, can be
obtained by taking the sum of all such scalar
products,

Total work,

? -

- - -
W=HF-Al+ B AL+ .+ E- AL

B 5 o

- w= 2 EAL 63.1)
A

If we take li:)m . the above summation
1A i 1=>0

gets converted into an integral, giving

B, o B
W= |F -dl = [Feostal (63.2)
A A
B
Here I, is the line integral of the
A

force over the curved path from A to B.

If the motion of the particle is one
dimensional and force also acts in the direction
of the motion (here along X axis),

W = ‘TFdx cos( — ‘TFdx
A A

If the X co—ordinates of A and B are X,

and Xys
8

B

T
F

0 x Hdxke— >X

Figure 6.6

W= TFdx (6.3.3)
4

Fig. 6.6. shows the graph of F versus x in a
special case. It can be seen from the figure that
the work done during a small displacement dx
(that is Fdx) is equal to the area of the strip.
This suggests that total work done for motion of
the particle from x to x,, can be obtained by
summing the areas of such strips. In other words,
the work done during the motion from x, to x,
is the area under the curve of F — x between
X, and x,.

If force remains constant along a curved
path, the calculation of work becomes simple.

- -
?'1 torz,as

shown in Fig. 6.7 under the effect of a constant

5
force F.

Suppose a particle moves from

b4

2, o
Now, the work done, W, = IF © dr

7

1

_>
Since, F is constant,

- -

?b
- 2, =
Wo=F - [dr=F-(p-7)
A
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3> X

Figure 6.7
Thus, the work done by a constant force
along a curved path can be obtained from the
scalar product of the force and the displacement
vector of the particle,

Illustration 4 : A particle moves from
X =01to0ox =10 m on X axis under the effect

_’ -~
of a force F(x) = (3x* — 2x + 7)i N.

xn+1
Caleulate the work done. jx“dx =
n+ 1

Solution :

10
W= [Fdx
0

{from eqn. (6.3.3))

10
Aw= [ - 20+ 7 )dx
1]

W = [E]m [E}m +[7x 19
3 0 2 0 0

W = 1000 — 100 + 70 = 970 J.
6.4 Kinetic Energy

The capacity of an object to do work, by
virtue of its motion, is known as kinetic energy
of the object. It can be thought logically that a
body moving with more speed would have more
kinetic energy compared to the kinetic energy of
the same body moving with comparatively lesser
speed.

When a body is acted upon by a force,
acceleration is produced in it. Thus, velocity of

the body changes and hence the kinetic energy
of the body also changes. Also, a force acting

on a body displaces the body and so work is
said to be done on the body by the force. These
facts indicate that there should be some relation
between the work done on a body and change
in itg kinetic energy. Let us obtain such a relation.

=
The work done by the force F,

- - -

W=F -d (where d = displacement)
= -

But F=ma

— -3
S We=ma- d (6.4.1)
—
Also, v — v,2=2a- d ., Using the result
in egn. (6.4.1), we have

v: = 2
vonff g

. _ 1 1
W= va2 5 mv,

Here, v, and v are the speeds before and
after the application of force respectively.

The right hand side of eqn. (6.4.2) is the
difference of two terms with the dimensions of
energy (work), Half of the product of the mass
of a body and the square of its velocity is
defined as kinetic energy (K) of the body,
So, kinetic energy,

(6.4.2)

. m'y? = p—z
2 2m 2m
where, p is linear momentum of the body.

The right hand side is the change in kinetic
energy of the body.

W=K-K,=4AK (6.44)

where K, and K are respectively the initial
and final kinetic energies. Thus, “the work done
by the resultant force on a body, is equal to
the change in the kinetic energy of the
body.” This statement is known as work energy
theorm. From equation (6.3.4) it is clear that
the unit of kinetic energy is same as the unit of
work (joule in SI).

If the speed of a body is constant, its kinetic
energy remains constant. Since the speed of a
particle performing uniform circular motion is
constant, its kinetic energy also remains constant
throughout.

K = (6.4.3)
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Work energy theorm for variable force
in one dimension :

Suppose force F(x) acts on a body of mass
m. [F(x) shows that F is a function of x or its
value depends on x]

Work done under the influence of this force.

I
w=jF(x)dx

dx

0
by,
3
%

Il
e,
%]
-~
&I&
]
Z

m dy

f
= m_[vdv
i

If initial velocity of the body and final
velocity of the body are v, and v,

V.
SO W= mfvdv
i

_ VTP om, 2 2
=m T —?[vz_vll

Y

sOW = %mv; - %mwl2 (6.4.5)
S W= AK

Ilustration 5 : A proton and an ¢lectron
are in motion with both having kinetic energy
equal to 100 eV. Which of these two particles

have more speed 7 (m, = 9.1 X 107! kg,
m, = 167 x 107 kg)

[ Note : Here eV (electron volt) is a unit
of energy only. [eV = 1.6 x 10797 ]
Solution : Kinetic energy of electron

= 100 keV = %mev:

Kinetic energy of proton

_ N -
= 100 keV = 2mpvp

2 _ 2
. my, =my

PP
Ve m,
'PP - me

\/1.67 x 10°27
9.1 x 1073!

=42.84

Thus, if an electron and a proton have equal
kinetic energy, the speed of the electron is 42.84
times the speed of the proton (Why ? Think !)

Hiustration 6 : A body of mass 2 kg is
at rest on a smooth horizontal surface. When
a horizontal force of 0.5 N acts on this body,
it is displaced in the direction of the force. Find
the work done by the force in 8.0 s. Show
that this work is equal to the change in Kinetic
energy of the body.

Solution : According to Newton’s second

law of motion, @ = E
m

Sea= 0—25 = 0.25 m/s?

The velocity of the body after 8 s,
v=y,+tat=0+025x80=2ms
The displacement of the body in 8s,

1
d= %atz = ( 2 )(0.25)(64) = 8.0m

The work done by the force,
W=05x80=4] (1)
Now, Initial kinetic energy = 0

Final kinetic energy

_1 _1 2 _
—2mv2_2 X20xX[20F=4]

- Change in kinetic energy =AK=41J (2)
From equations (1} and (2)
W = AK

Here, the work done on the body has been
converted into kinetic energy of the body.

6.5 Potential Energy

In mechanics there is another important form
of energy other than kinetic energy, it is potential
energy. “The capacity to do work or energy
possessed by a body due to its position in a
force field or due to its configuration is called
potential energy of the body/system. When a
force acts on a body there is change in its position
or configuration or both. So there can be a change
in its potential energy also.
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Gravitational Potential Energy : Acceleration
produced in a body, due to earth’s pravitational
force is called gravitational acceleration (g). Value
of g can be treated to be constant for a small
height compared to the radius of the earth. In
this case a force equal to mg acts on the body
of mass m towards the centre of the carth.

£ S \

Y, T

03
los 7

&

\ Y 11
Figure 6.8

As shown in the Fig. 6.8 an object is taken
to height y, from initial height y,. For simplicity
let our co-ordinate system be such that Y—axis
is with vertical direction,

The body can be taken from y, height to y,
height along vertical direction or along any other
path. In the figure two such paths are shown.
As a general case we will consider motion of
the body along the curved path from initial position
to final position. For this, a very small

displacement .;; on the path, as shown in the
figure, can be thought of;

Work done for this displacement
- -
dw=F -+ dr
Since gravitaticnal force is in downward
. * 2 %
direction F = —mg j

o dw=-mg (J)- (@i +dy] +dk)
= —mg dy
So the work done during, its motion from the
initial position to the final position is

W = Ia'w
y?.
= —mg Idy
J',1

=-mgl ¥ I}

= _mg(yg -y 1)
= —(mgy, — mgy,) (6.5.1)
The above equation indicates that work
done in taking a body from one position to the
other position depends only on the initial and
the final positions, and not on paths connecting
them. The body can travel along any path. The
same amount of work shall be done. A force
having such property is called conservative
force and a force field with such a property
is called conservative field.

If v, and v, are the magnitudes of velocities
of a body at heights y, and y, respectively, the
change in its kinetic energy will be

1 2

Emv2 - %mvlz. According to work—energy

theorem this must be equal to the work done.

S W= %mv; - %mvl2

Comparing eqns. (6.5.1) and (6.5.2),

(6.5.2)

(%mvzz—% mvlz) = —(mgy,—mgy,) (6.5.3)

or (5 my,’ - %mv:) =mgly, —y) (654)

The terms on the left hand side of the
equation is represent the kinetic energy and hence
the terms on the right hand side must also
correspond to some energy. In fact these terms
represent the potential energies of the body at
heights y, and y, from the surface of the Earth,
in the gravitational field of the Earth.

The product of the weight of a body and its
height, from some reference level in the
gravitational feiled of the Earth, is called the
gravitational potential energy U of the body in
Earth’s pravitational field.

Thus, gravitational protential energy of a
body of mass m at height k from the surface of
the Earth,

U = mgh (6.5.5)

In practice the potential energy at the
reference level is taken as zero; because it is
the change in potential energy which is important,
not its absolute value,

From equation (6.5.4),
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2

1 2 1
5w+ mgy, = 5 mv, + mgy, (6.5.6)

Thus, in a conservative field the sum of

kinetic energy (K = %mvz) and potential energy

(U = mgh) remains constant.

The sum of kinetic energy and potential
energy is called mechanical energy (E).

L E=K+ U

In other words, the mechanical energy of an
isolated body is conserved in a conservative field.

In this example the decrease in kinetic
energy of the body as it moves up, equals increase
in its potential energy. (Here frictional force or
air resistance acting on the body is neglected)

It is clear from this discussion that “under
influence of conservative forces the
mechanical energy of a mechnically isolated
system remain constant.” This statement is
known as law of conservation of mechanical
energy.

[Note : In this discussion we have
considered a system comparising of the earth and
a body. There is no external force acting on the
system. In this sense it can be considered to be
a mechanically isolated system. The total energy
mentioned above 18 in fact the energy of the
system. But there is no change in the potential
energy or the kinetic energy of the earth. So
a convention we have discussed potential energy
or kinetic energy of the body only. ]

Ilustration 7 : As shown in the figure a
bob of mass m is tied to the end of a light
{mass less 1) string. At its lowest position it is
given velocity v, so that it moves along a
circular path. It can just reach the point C,
the highest position, as the string becomes

tensionless. Prove that v = /387 .

Figure 6.9

Solution : In figure forces acting on the body
when it is at its lowest position are shown in the
fig. Considering its potential energy zeto,
conveniently at this point; its mechanical energy
is,

_ 1 2
E‘.—zmv+0

= %mvz 1)

By Newton’s second law of motion, the
centripetal force acting on it is myll =T — mg.
At position ‘C’ as string becomes tensionless,
tension becomes zero and its velocity here is V'

Since P. E. is 2mg! the mechanical energy

E = %mv3+2mg£ @)
and mg = mv? 1l 3
From equation (2} and (3)

E = %mgl + 2mgl = 5/2 mgl @)

As per the law of conservation of mechanical
energy and from equation (1) and (4)

L -
ymy = ngl

. v =58l (5)

[ Thinking little more here, if its velocity near
Bis v"

E= %mv"2+ mgl (6)
As per the law of conservation of mechanical
energy and from equation (1) and (6)

%nw2 = %mv"2 + mgl

Inserting value of v from equation (5) we

get %m 5gh = %mv“2 + mgl

vt = 3l ]

6.6 Elastic Potential Energy (Potential
energy due to the configuration of a system)

Consider an elastic spring, obeying Hooke’s
law, with negligible mass whose one end is tied
rigidly to a wall, as shown in Fig. 6.10. At the
other end of the spring a block of mass M has
been tied. We shall, for the sake of simplicity,
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restrict the motion of the block in the X—direction
only. The increase or decrease in the length of
the spring will alsoc be only in X—direction.

k m
xF0

—\..,Q_.LQ_SLQ_LSL;—-_
—

pusiiiiivy

=

Figure 6.10

In the normal position of the spring (i.e.,
without extension or compression), the position
of the block is taken as x = 0.

When the block is pulled and the length of
the spring is increased a restoring force is
produced in the spring which tries to bring the
spring back tc its normal position. The restoring
force is also produced when the spring is
compressed.

In the present case, the restoring force is
directly proportional to the change in the length
of the spring and is in the direction opposite to
the change in the length,

S Fee —x

. F=—-kx (6.6.1)

The constant of proportionality, k is known
as the force constant of the spring.

If x is the increase in the length of the spring
(or the displacement of the block) the work done
by the applied force is,

AVAALANARARARARRARRRRNNANY

X X
W= JMX = kadx
0 0

. W= %kf (6.6.2)

This work done on the spring is stored in
the form of potential energy of the spring. This
potential energy is called the elastic potential
energy of the spring,

Taking potential energy in the normal position
of the spring as zero arbitrarily, the potential
energy in the condition when the change in length
is equal to x will be,

-1
= > kx?
Value of potential energy can also be obtained
from F — x graph as shown in figure,

6.63)

EJ\
3 // 7| U=nkd
< = \ A .
X
L J
Figure 6.11

Here it is clear that work done on the system
by the external force (for compression or
extension of spring) is stored in the form of
potential energy and kinetic energy.

6.7 Conservative Forces and Relation
between force and potential energy :
Suppose a conservative force F acts on a

particle and as a result the particle is displaced

through a small distance Ax. The work done by
the force,

AW = FAx

Now, the change in kinetic energy of the
particle, according to work—energy theorem, is
given by,

AK = W = FAx

But, from the law of conservation of
mechanical energy, AK + AU = 0

Using this fact in the above equation,

FAx + AU =0

. F= U
s F= Ar
Taking Ax — 0, this relation can be written as :
. p=_4U0
s B = dx (6.7.1)

Thus, in the case of conservative force, the
negative gradient of potential energy gives the
force.

Using equation (6.7.1) we can get the
restoring force in the case of a spring as under ;
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Potential energy, U = %l’x’
_‘%U =—%k(2x)——b:
‘. F=-kx

The above discussion is in context to
conservative forces oaly.

If the forces are mon-conservative, the
work done is not converted folly into potential
energy. In the case of non—conservative forces
like friction, the work done is dissipted in the
form of heat energy. Also, the law of
conservation of mechanical energy does not
hold true in the case of mon—conservaiive
forces and hence in such cases force can not
be obtained by differentiating potential energy.

Niustration 8 : A block of mass 1 kg,
falls freely on a spring from a height of
20 cm a3 shown in the Fig. 5.13. Find the
compression in the apring if its force constant
is 600 N/m. Take g = 10.0 m/s%.

20 I:m

Figure 6.12
Solution : Let x be the compression in the
gpring. In this condition, black is considered to
fall through the height (x + 0.2)m. The potential
energy of the block at beight (x + 0.2)m is used
up in compressing the spring by x m, and is
convexted in the configurational potential energy

%kxzofﬂlcspl:ing.
somgh ) =1 %1002 + %)
_1
= 2""2

%kxl= 1 x 10 {02 + x)

300x = 10x + 2.0
L 30022 — 10x —20=0
<150t —-5x—-1=0

e 5 1 J25-4(150)(-D)
- 300
- x = 00167 + 0.0833

Hare, 0.0167 shows the value of the
compression at which the block can remain in
equilibrium. In practice the block oscillates
about this equilibrium position with an amplitude
of 0.064 m and maximum dizplacement would
be or 0.1m or 10 ¢m

6.8 Power

So far we have not considered the time taken
in doing work. In raising a body to a definite
height from a given position, if the time taken is
1 s, 1 hr or different, the work done in each
case is same, but the rate at which the work is
done in each case is different. In many cases
the rate of doing work is more important than
the total work done. Hence, a phyzical quantity
kmown as power ig defined as :

The time rate of doing work is known
as power, or Power is defined as work done
per unit time. If AW is the work dome in time
interval Af, the average power in time inferval
At 13,

AW
< P> = Az

. Instantancous power at time f is,

im AW
P= A0 Ar

dw

S P= ar (68.1)

—
If dW is the work done by 2 force F during
the displacement d:,

- -
dW="P - dr
In this case, the instantaneous power is given
by,

daw > d? - o
P = dt = F . ? = F LI
=+ o
~P=F - v (6.8.2)

Power is a scalar quantity like work and
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energy. Its dimensional formula is M'L?T3, Its

unit is J s~'. This unit is named as watt in the
honour of inventor of steam engine, James Watt,
IW =11 57\, Since watt is a small unit, to
measure large power in practice, kilowatt and
megawalt are used.

1 kW = 10°W

1 MW = 105W

To measure large powers of vehicles and
water pumps, in practice, another big unit known
as horse power is used which is criginally from
the British system of units.

1 horse power [ hp ] = 746 W

According to equation (6.8.1), work can be
expressed as a product of power and time. This
fact gives rise to another unit of work, known as
kilowatt hour (kWh),

“The work done at the rate of 1 kilowatt
in 1 hour is called 1 kilowatt—hour.”

The electrical energy consumed in our homes
is measured in kWh which is popularly known
as * Unit ™.

1 Unit =1 kWh = 3.6 x 10° J

Remember that “Unit” or kWh is the unit of
energy and not the unit of power. If an electric
bulb of 100 W is kept ‘ON’ for 10 hours, 1 unit
of electrical energy is consumed.

Illustration 9 : A particle of mass m
moves on a circular path of radius r. Its
centripetal acceleration is kf?, where % is a
constant and ¢ is time. Express power as
function of z.

Solution : Centripetal acceleration or radial

, v
acceleration, 5= k

Differentiating with respect to time,

dv _
Zvdt = 2kir
dv _
my = mkir
s Fv=kmr [ F=m%,% is the

tangential acceleration.]
s P = ktmr
6.9 Elastic and Inelastic Collisions
During collision between two objects, the total

energy and the total linear momentum of the
colliding bodies are conserved.

If total kinetic energy before and after
the collision is the same, the collision is
termed as an elastic collision. In other
words, in an elastic collision total kinetic energy
of the colliding bodies is conserved.

During many collisions the kinetic energy of
the colliding bodies is converted fully or partly
into internal energy of the bedies. In such
collisions the kinefic energy is not
conserved. Collisions of this kind are known
as inelastic collisions. It may be noted that total
energy and total linear momentum are, indieed,
conserved in both the types of collisions.

v )
=

After collision

2

@ @

Before collision

(a) (b)
Figure 6.13

Now we will consider ¢lastic collision in one
dimension, as shown in Fig. 6.13 (a)

Suppose a body of mass m moving with
velocity v, along X—axis, undergoes an elastic
collision with a body of mass #, moving with
velocity v, along X—axis. Their final velocities
are v' and v,

As per the law of conservation of momentum

my +my, = mlvl' + mzvz' (6.9.1)

Lmy v =my, —v) (6.9.2)

Also, as the collision is elastic

1 2 1 2 1 .2 1 ,
Eml‘w1 + Em2v2 = Emlvl + Emzv2

i
wm =y =m, =) (693)
Dividing equations (6.9.3) by (6.9.2) we get
v, o+ vl' =v, + "'2' (6.9.4)
Multiplying equation (6.9.4) by m, and adding
it o equation (6.9.1) we get
mv +my+mv +my'=myv'+
my' +mv, +my'

2m1v1 + (m2 - ml)v2 = (nr:t1 + mz)v2

v2'=[ ,,,12,',”1,,,2 ]v,+( F ]v2 (6.9.5)
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Substimting value of v, in equation (6.9.4)

— 23!1 _ L i |
vl_["h‘”"z l]"i"’[”mﬁm]"z

v]'=[ -~ ]vl+[ ,,,lz:",,,z }v, 696)

Equations (6.9.5) and (6.9.6) are eguations
of elastic colligion in one dimension.

Speclal cases : (i) For m =m,

Im =m,v'=v and v,' = v Thig
means that at the time of collision both the bodics
interchange their velocities.

(ii) For m, >> ml.Intbiscasc&lclight:f
body collides with the hevier body while moving
in the same direction. Now m, can be neglected
comparison with m, in equations (6.9.5) and
(6.9.6) and we get,

=, R 2,

ad v," » v,

Thiz shows that velocity of heavy body is
almost unchanged the velocity of lighter body
chenges. In other words heavier body does not
respond to coillision.

Think about the results obtained in this article
6.9 with v, = 0 (Really think about if)

What can be said about the magnimdes of
the relative velocity of approach and the relative
velocity of separation ? (Hint : consider equation
(6.9.4) ]

Now let us comsider a very special case of
inelastic collision. Suppose a bullet fired from a
gun hits a comparifively large wooden block and
geis embeded in it, and then both of them move
together as a single body. Such a collision is
known as a completely elastic in collision.

Suppose a body of mass m, moving with
velocity v, hits another body of mass m,
moving with velocity v, in the same direction
of v Since the collision is completely inelastic
after the collision the combined body moves
with velocity v. According to law of
conservation of momentum.

m.lvl + mzvz = (ml + mz)v

_my + my,

Sy
m + my

69.7)

6.10 Elastic Collision in Two Dimensions
As shown in Fig. 6.14, suppose an object of

mass m, moving in X-direction with velocity ¥,
collides elastically with & stationary [v, = O]

object of mass m,. After the collision these
objects move in the directions making angles 6

end 6, with the X axis with velocitics v,' amd

_)
vz' respectively.
Y

—

Vi '

fe

Ao k
0= =97 > X
Yy Vs = 0 ‘92

o
=

Figure 6.14
According to the law of conservation of
momentum,

— — -
m.v =mv'+mv'

L= m G10.)

Equating the X—components of the momenta
of these objects,
my, = my,'cosd, + my,'cosh, 6.10.2)

Similarly, equating Y—components of the
momenta, we get,

O=my 'sin0 —my, 'sinQ, (6.103)
Since the collision is elastic,

Imyl= tmy e dmp® 6104)

Usually, 7, m, aud v, arc known and v,°,
v,', 6, and 6, are to be determined. But we
have only three equations (6.9.2, 3, 4) for four
unknown quantities. Thus, for the solution of the
problem at least one of the fonr unknown
quantities must be known, as three equations can
give the values of only three unknown quantities.
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IMustration 10 : A ball moving with a
velocity of 12 ms™' collides with another
identical, stationary ball. After the collision they
move in XY plane as shown in Fig. (6.15).Find
the speeds of the balls after the collision. Also,
decide whether the collision is elastic or not.

Solution :

il

-
/ Vl
e .
—@ 737 >X

=ims?! B
1 s s J;

Figure 6.15

Let mass of each ball be m. According to

the law of conservation of momentum,

my, = mvl'cos30° + mvz'cos’_’-(}" (1)

and

0= mvl'sinBO" + mvz‘sin30" (2)
. vl' = vz' 3

From eqns. (1) and (2),

12 =2y "' X %

12
Sy = Nl 4.3 m/s
Total kinetic energy before collision

2

1
K1 = Emv1

=1
17 2
Total kinetic energy after collision

K

1 ' 1 .
K,= 7 mv, 24 > mv, 2
1
= 5m(4s+48)
~ K, = (48 m) 5)

It is clear from (4) and (5) that K| > K., So

m(122=72m1] 4)

Ilustration 11 : A tube is fixed in a
vertical plane as shown in the figure. From
point A a sphere of mass 0.314 kg is released.
During its motion in the tmbe it faces a constant
resistive force R. At B its velocity becomes
zero. Calculate (i) the constant resistive force
R and (ii) work done by resistive force
(Average radius of semicircular path is 1 m)

A p

Figure 6.16

Solution : Let D be the lowest point on its
path. Let us assume that the potential energy at
D o be zero. So, potential energy at A is

U, = mgr (§8)

Its potential energy at B is

* Ug = mg (B'D)

. f e z _ T
Since OB' = OBcos 3 5
‘M —
B'D =0B' = )
w Uy = mg% P4

As the resistive force is constant, the work
done against resistive force W is given by

W, =R X S?E X r(rarc=0x1 (3

From (1), (2) and (3)

kinetic energy is not conserved and so collision

is not an elastic collision,

Let us end this chapter with an example of

work done by a non-conservative force.

LA 14
mgr = ) +R6
. mgr _ 2
- r( )
. o_dmg _3x0314 x 10 _
CRES =T 5x3ma -0
Work done by the resistive force
. Srr
isW, =RX ra
—oox 2 X3 X1 _ 5,

6
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INFORMATION FOR COMPITITIVE EXAMINATIONS ONLY

Newton’s law of impact : When the collision is ‘head on’ or direct i.e. when the relative
velocities of two colliding bodies at the instant of the collision, lie along the common normal at the
point of impact, the relative velocity after the impact bears a constant ratio to that before impact
but in opposite direction.

This constant ratio in known as co-efficient of restitution (e).

From definition, in terms of terminology used here.

v, — v
e = z—vl , ‘e’ depends on the types of materials of bodies colliding.
2

For perfectly elastic collision ¢ = 1 and for perfectly inelastic collision e = 0.
If coefficient of restitution is also considered for general case, equations of velocities after
collision of two bodies can be written as :

.y —me) q +e)m, o (A +em (me — m,)
V' = m + m, v, + ml+mzv2andv2= ml+n12vl_ m, + m, v,

SUMMARY

The concept of work in physics is different from the normal concept of work.

2. The product of the magnitude of the displacement during the action of a force
and the magnitude of the component of the force in the direction of
displacement is known as work. Its unit in joule and its dimensional formula is

M!L*T 2
3. If angle between force and displacement is O
() for@ =0 W =Fd
(i) for8=n/2 W=0
(i) for6=n W = —Fd
If O is an acute angle work is positive and work is done by the force on the

body. If O is an obtuse angle, work is negative and work is done by the body
against the force.

L 5
4. The work done by a variable force is given by W = IF - di

I
5. If a variable force and displacement due to it are in the same direction the
arca below the F — x graph gives value of work,
6. The ability of a body to do work by virtue of its motion is known as its kinetic
energy. If the velocity of a body of mass ‘m’ is ‘v’ its kinetic energy is

K= %mw2 = p*2m.

7. Work Energy Theorem : Work done by a resultant force on a body is equal
to the change in its kinetic energy.

8. When a body has the ability to de work due to its position in a force field or
its configuration. It is known as potential energy.

9. Potential energy is a relative physical quantity. It is impossible to get its absolute
value. Also only the changes in potential energy are important.
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10.

11,

12.

13.

14.

15.

16.

17.

18.

19,

If the gravitational potential energy, due to the gravitational field of Earth, is
randomly taken to be zero on its surface,the potential energy of a body of
mass m, at height » is mgh, where g is the gravitational acceleration. The
value of ‘A’ is negligible compared to the radius of the earth.

The sum of the potential energy and the kinetic energy of a substance is
called the mechanical energy.

Considering potential energy of a spring as zero in its normal state, if its length

is changed by x, the potential energy of the spring is U = %kxz Here k is

the spring constant. Unit of % is N/m and dimensional formula is M'LT 2
Conservative forces : The forces for which work done is independent of the
path of motion of the body but depends only on initial and final positions, are
called conservative force. The force of gravitation or the restoring force
developed in a spring due to its compression or extension are conservative
forces.

The relaticn between the conservative force and the potential energy is F = — %

The time—rate of doing work is called power. Its unit is watt (J/s). Its dimensional
formula is M'L*T>.

==

-
Thus power P=W/torP=F . v
1 horse power ~ 746 watt.

Unit of electric energy for domestic use is 1 unit = 1 kWh = 3.6 X 10%J

If during collision of two bodies, the kinetic energy is conserved the collision
said to be elestic.

A body of mass m moving with velocity v, undergoes elastic collision with a
body of mass m, moving with velocity v, in the direction of v,. If after collision

their velocities are w? and |t

— 2, 2 -
|'=ml mzvl+ 2 v, and v, = :ll v|+m2+mlv2
L] my + m Ty e, Sk
In case of complete inelastic collision bodies colliding move together after colision
with a common velocity v, In this case

v

v="‘1"l"'"‘2"2
m o+ m,

A body of mass m, moving with velocity v, collides with a stationary body of

1
mass m, elastically. They move with velocities v, ' and v," making angles 91

and 32 with direction of v, then
— L 1
my, =my, co.sE)1 + m,yv, cco.s(-}2

- e — i o
0 =my, smBl m,v, smﬁz

d r W2 + 2
<rn mlvl = mlvl m2v2
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| EXERCISES !

Choose the correct option from the given options :

1. A wall, acted upon by a force of 20 N, does not move. The work done in this

process is ...co.e.. .
(A) 20 J (B) 07
107 (D) Nothing can be said
2. If linear momentum of a body is increased by 1 %, its kinetic energy increases
bY e, G0
(A) 10 B0 % © 2% (D) 100 %

3.  With what velocity should a student of mass 60 kg run so that his kinetic
energy becomes 270 J ?
(A) 10 m/s (B) 3 m/s (C) 20 mfs (D) 2.5 m/s

4. A spring is compressed by 1 ¢cm by a force of 3.92 N, Find the potential
energy of the spring when it is compressed by 10 ¢cm.
(A) 1.96 ] (B)Y2451] (C) 19617 (D) 1960 ]

5. How much power is required to lift a body of mass 100 kg to a height of 60
m in 1 minute ? (g = 9.8 m/s?)
(A) 100 W (B) 980 W (Cy9.8 W (D) 1980 W
6. A body is displaced by 2 m in Y—direction by a force (=4, 2, 6) N. Find the
work done.
A)21] B) 41 17 (D) 45
= —+
7. The angle between F = (1, -3, 1) and ¢ = (2, -3, —11} is .......... rad.
R ®) 0 © 7 ®) %

8. The mass of a bus is 2000 kg. How much work is required to be done on it to
make it move with a speed of 50 km/h ?
(A) 1.6 X 10° 7 B 16xX10°] (©193x10°)7 (D)1931]

th
9. The potential energy of a projectile at its highest point is (%) the value of

its initial kinetic energy. Therefore its angle of projection is .......... .
(a) 30° (B) 45° (C) 60° (D) 75°

10. A body is moved along a straight line by a machine delivering a constant
power. The velocity gained by the body in time £ i8 proportional to .......... .

3 3 1 1
(A) ¢4 B) £2 © 14 (D) ¢2

11. A particle moves in a straight line with retardation proportional to displacement.
Its loss of kinetic energy for any displacement x proportional to .......... .

(A) & (B) ¢ ©) x (D) loge”
12. A body of mass m is accelerated uniformly from rest to a speed v is time T.
The instantanecus power delivered to the body in tems of time is given by

2 2 2

2.2
@ T ® T © 27 @) 2
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13.

14.

o
wn

16.

18.

19.

A spherical ball of man 20 kg. is stationary at the top of a hill of height 100
m. It rolls down a smooth surface to ground then climb up another hill of
height 30 m and finally rolls down to a horizontal base at a height of 20 m

above ground. The velocity attained by the ball is ......... . (g = 10 ms™?)
Ignore friction.
(A) 40 m/s (B) 20 mvs {©) 10 w's D) 10+/30 m's

A mass of M kg is suspended by a weightless string. The horizontal force that
is required to displace it until the string makes an angle of 45° with initial
vertical direction is ... &

(A) Mg(+/2 + 1) ®B) Mg+2
(©) Mg /2 @) Mg(\2 - 1)

. A boy holding a gas filled balloon relases it. The balloon starts going up then

its potential energy will ....oovues
(A) increase {B) decrease
(C) First increase and then decrease (D) remain constant

- - -
For a conservative force F, _[ F.di ......
closed path
(A) #0 B)<0 {C) >0 D=0
. Which one of the following isn’t a conservative force ?
(A) Gravitational force (B) Restoring force in spring
(C) Frictional force (D) All

The velocity of a body of mass 0.8 kg is 37 + 4 ] m/s. So its kinetic energy
LS

(A) 10 ] B) 40 ] ©) 327 D) 167
The potential energy of 1 kg object, free to move along x axises is given by
4 2
U= (x? = %]J If its mechanical energy is 2 J its maximum speed is
3 1
® 7 B) 2 © 5 ®) 2

. Kinetic energy of a body, moved by a machine, is directly proportional to time

t. So, distance travelled by the body is proportional © ....cvesr

a 2 1 1
(A) £2 (B) ¢3 (©) ¢4 D) 12

l ANSWERS |

LB 2 3@ 4A 5@ 6. (B)
7.(D) 8 ()  9.(C 10. (D) 1. (AY 12. (A)
13. (A) 14. (D) 15 (B) 16. (D) 17.(C) 18. (A)
19. (A)  20. (A)

Answer the following questions as briefly as possible :

1.

= W N

What is the work done, on a body performing uniform circular motion by the
the centripetal force ?

What does area under F — x graph give ?

How many joule equals 1 eV ?

Two bodies with unequal mass, have equal momentum which one has larger
value of kinetic energy ?
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n

© g% N

10.
11.
12.
13.
14.
15.

A body is thrown vertically upwards with initial velovity 7 m/s. At how much
height will its kinetic energy be half ?

What is the sum of K.E. and P.E. ?

Give dimesional formula of spring constant.

How many horsepower make 1 W ?

If momentum of a body is doubled, what will be the increase in percentage of
its kinetic energy ?

What is meant by a non—conservative force ?

Define elastic collision.

What is necessary for work to be done, when a force is acting ?

Give expression of momentum in terms of mass and kinetic energy.

In which circumstances force and displacement aren’t in same direction ?
State the work energy theorem.

Answer the following question briefly

1

2.
3.
4

E}‘t

6.

G

Solve the following problems :

1.

Discuss the factors on which work done, depends, and hence define work,
Explain work done by a variable force, on a particle.

State and prove the work energy theorem.

What is elastic potential energy ? Explain with the example of spring and the
required equation,

For conservative force prove that F = —%

Discuss elastic collision between two bodies moving along x—axis with necessary
equations.

Discuss elastic collision in two dimensions.

A block of mass 2 kg is tied at one end of a light
inextensible siring. At the other end of the string
another block of mass 1 kg is tied. Initially the
block of mass 1 kg 1is on the ground and the
system of these blocks is stationary as shown in
Fig. 6.17. Now the masses are teleased. Find the
common velocity of the blocks when the mass of ;1:1
2 kg touches the ground. The pulley is smooth

and weightless. The initial height of block of 2

kg from the ground is 3 m. (g = 9.8 m/s?) Figure 6.17

[Ans. : 443 m/s]

A particles of mass i, moving with velocity v collides elastically (in two

- -
dimensions) with another particle of mass m at rest. If v’ and v,' are the

velocities of the particles after the collision, show that these velocities are
perpendicular to each other.
A sphere of steel of mass 15 kg moving with a velocity of 12 m/s, along
X—axis collides with a stationary sphere of mass 20 kg. If velocity of the first
sphere after the collision is 8 m/s and is moving at an angle of 45° with
X—axis, find the magnitude and direction of the second sphere after the collision.
[Ans. : 637 m s7), 41°44°)
The relation between position x and time ¢ for a particle, performing one

dimensional motion, is ¢ = J; + 3, Here x is in metre and ¢ is in second.

(1) Find the displacement of the particle when its velocity becomes zero.

(2) If a constant force acts on the particle, find the work done in first
6 seconds. [Aps. : (1) =9 m, (2) 0]
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5:

10.

As shown in Fig. 6.18, two A

spheres at rest are released

from point A and one of them

moves over path AB while the \

other moves over path AC, Will :

these spheres reach the ground 92§= 609

simultaneously ? Calculate the B B C

speed of these spheres at the Figure 6.18

bottom and the time taken by

them to reach the bottom. Take Bl=30°,92=60°andh= 10 m. g =10 m/s%,
[Ans. : No, 10\/5 m's, 2\/55, % 5]

" 10m

A spring of force constant k is

kept i . k
ept in a compressed condition m rrrrrre— M

between two blocks of masses :

m and M on the smooth surface Pl
of a table as shown in Fig. 6.19.

When the spring is released, Figure 6.19

both the blocks move in opposite

directions. When the spring attains its original (normal) position, both the blocks
lose the contacts with spring. If x is the initial compression of the spring find
the speeds of block while getting detached from the spring.

f M
[Ans. : Velocity of the block of mass m is m( Mk +m) X,

km
Velocity of the block of mass M is \/M( M+m) *]

Two beads of masses m and m, are threaded on
a smooth circular loop, of wire, of radius R. Initially
both the beads are in positions A and B in a vertical
plane. Now, the bead A is pushed slightly so that
it slides on the wire and collides with B. If B rises
to the height of the centre of the loop
(0) on the wire and A becomes stationary after

the collision, prove that m :m, =1: \.5 Figure 6.20

For the illustration 11 calculate speed of the sphere at the lowest position during
its motion from (i) A to B (ii) B to C. Take g = 10 m/s%,

[Ans. : +f14 w/s and \f6 mis]

A bullet is fired in to a huge wooden block. The bullet while moving inside the
block loses half the velocity when it travels 6 cm inside the block. How far,
then, wonld it go inside the block ? Resistive force is constant.

[Ans. : 2 cm]
Solve sum-9 of exercises of chapter-5 using work-energy theorem.
[Ans. : 2tan®)
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HEAT TRANSFER

7.1 Introduction

Dear students, we have studied the fundamental concepts
of heat earlier. When two bodies with different temperature
are brought in contact, heat flows from the body with higher
temperature to the body at lower temperature. But in the
same solid, how does heat flow from the part at higher
temperature to the part at lower temperature ? How does a
small fraction of the enormous heat energy produced in the
sun reach the earth ? Using solar energy we can cook ‘dal’
and ‘rice’in a solar cooker, then why couldn’t Birbal cook
(intentionally) his ‘khichdi’? Why does a hot substance, when
kept open, cools down ? Perhaps, you would be able to
answer such questions by the time you complete this chapter.
7.2 Thermal Conduction

The flow of energy between the adjacent parts of a body
due to temperature difference between them is called thermal
conduction or heat conduction. The constituent particles
(atomms, molecules, or ions) in solids vibrate about their mean
positions with an amplitude depending on their temperature. As
the temperature rises the amplitnde of their vibration increases.
Thus when heat is given to a solid it causes an increase in
kinetic energy of vibrational motion. Special type of forces
(intermolecular forces) acting between the molecules of a solid
are responsible for transfering the effect of this increased
vibrational kKinetic energy to neighbouring particles. So now the
amplitude of ‘neighbours’ also increases. Thus, heat transfer
takes place in solids. Heat transfer taking place in this way is
known as thermal conduction.

In metals free electrons also play an important role in heat
transfer.

Consider a solid—slab of uniform cross—section, as shown
in Fig. 7.1. Suppose temperatures of two cross sections ABCD
and EFGH, at distance x and x + Ax, from one end of the
solid, are T + AT and T respectively. Thus for the seperation
Ax the temperature difference is AT
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e s}
T

O[® |

.......

D H
x=0 x x+ Ax x=1
Figure 7.1

% is known as temperature gradient.

For small value of Ax and AT the heat AQ
flowing beiween the two cross—section,
perpendicular to the cross—sections in time Af is
directly proportional to time Az, temperature
gradient % and cross—section area A. Thus,

AQ o A%At

Y (7.2.1)

Here k is constant of proportionality. It is
called themal conductivity of a given substance.
Its valoe depends on the type of the material and
upto some extent on the temperature. Good
thermal conductors have high values of thermal
conductivity. Under ondinary circumstances if the
temperature difference between various parts of
the object is not very high, thermal conductivity
can be considered to be constant.

Aren’t you perturbed about the negative sign
appearing in the equation sbove 7 It may puzzle
you but it is necessary because as x increases T

decreases and so % ianegaﬁvebutsinoe%
is positive, negative sign is kept in the equations
above.

If distance between two adjacement layer is
way small the value of Ar would also be very
small hence. Taking Ax = 0 and Ar 5 0 in
equation (7.2.1) it can be written as

4 _ dar
% = KA (7.2.2)
\ _ A dl
o H=—kASE (7.2.3)

Hm%dmotedbyHisknuwnasheat

current. Heat current is the heat flowing

perpendicularly through to any cross-section in
unit time. In equation (7.2.1) if A = Im? and

dx

Thus, the amount of heat flowing per nnit
time perpendicularly between the planes
having unit temperature gradient between
them per umnit area is defined to be thermal
conductivity.

Unit of thermal conductivity is
Cal s m™? K?! or Wm™ K!

Thermal Conduction in 8 Bar :

In Figure 7.2 a bar having thermally insulated
gides (this means exchange of heat is possible at
ends not on sideg) ig shown, Length of the bar is
L end ite crose section iz A. Temperatures of red
is T, and T, At r = 0 a heat source of

temperature T, is placed at the end having x = 0.

dT L dQ
-1 Km!, —= =k
dt

Figure 7.2

Graduslly due to thermal comdnction the
temperature of each portion starts rising, Variation
in temperamire of each pari of the bar with time
is shown in the graphs in Fig. 7.2.

After a sufficiently long time (theoretically
? = ) the temperatures of all parts of the rod
become sieady. These steady temperatures
decrease along the length of the rod from its hot
end to its cold end. In this situation, the amount
of heat energy received by the hot end in some
time interval is equal to the amount of beat lost
by the cold end in the same time interval. The
sides of the rod are thermally insulated, hence
the rod does not loge any heat through its sides.
So every part of the rod passes the same amount
of heat towards the neighbourting colder part, as
what it receives from the neighbouring hotter part.
Hence, any cross—section of the rod, along its
entire length, has the same value of heat current

%.valhet,alongt‘ueenﬁrelenglhoftherod

ﬂlevalueofthetempmnmgmdicnt%isalso
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the same along the length. Now both % and

% remain constant with time. This condition of
the rod is called “thermal steady state” of the
rod.

In the thermal steady state, the temperatures
of the two ends of the rod are Tl and T2 with
T, >T, As % is same all along the length of
the rod,

T _ _[ﬂ]

o L (72.4)

Eqn. (7.2.1) now takes the form :

d4Q _ T,-T i|

7 kA|: L (1.2.5
aQ | o Q o 4Q

As 7 is constant, we write . for ar
Q _ T,-T,

EREE

Tl _Tz
S Q= kKA L ! (7.2.6)

Equation (7.2.6) gives the amount of heat
flowing through the rod in a steady thermal state,
in time t.

Table : 13.1
Thermal conductivity of some substances
(only for informatin)

Substance Ther&almt_:?l;;lj: pi
Silver 406
Copper 385
Aluminum 205

Brass 104

Iron 50.2

Lead 347
Mercury 8.3

Glass 0.8

Water 0.8

Wood 0.12-0.04
Body fat 0.2
Hydrogen gas 0.14

Air 0.024

The information in the table above shows that
most of the metals are good conductors of heat.
Metals are also good conductors of electricity.

Free electrons, present in metals, are responsible
for conductivity of both the types in metals.
Thermal Resistance
From equation (7.2.5)

Tl_Tz

Tl_Tz
= L/KA

Comparing this equation with equation I = %
for electric current we find that H and I are heat
current and electric current respectively. V is
electric potential differences where as T, — T,
is temperature difference. This indicates that
L/kA is thermal resistance. Thus, thermal
resistance is given by.

R,=L/kA

Unit of thermal resistance (R) is kelvin/watt
and its dimensional formula is M'L2T°K.

Formula for effective thermal resistances
when thermal conductors are connected in series
or parallel are similar to those for electrical
resistances. Thus, for series connection

Ry, = Ry, + R,),

and for parallel connection

S U SR |
(RH)p_(RH)l (RH)Z

(verify yourself)

Here (R)), and (R), are effective thermal
resistances for series and parallel connections.

One point may be added to the above
discussion that, as electrical potential difference
is necessary for electric current, temperature
difference is necessary for heat current.

Only for information :
Note : If you refer some other books,

thermal resistance is also defined as R = % for

industrial purpose, which is known as
R—value. R—value is used to indicate thermal
resistance of building material,

Tlustration 1 : A 25 cm long rod of a
cross—section of 1.5 em? has one of its end in
thermal contact with steam at 100 °C and the
other end is in thermal contact with ice at O
°C in its thermal steady state. Find (1) the
temperature gradient along the rod (2) the rate
of heat conduction and (3) the temperature at
a point 18 cm away from the hot end. (Thermal
conductivity of the material of the rod is
k =09 cal s7' cm™ °C")
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Solution :

A=15cm’ T1=100°C T2=0°C
_ dT _ dQ _

L=25cm i - ? i 7

(1) Temperature gradient,

o [5o5]

dx L

_ _[ 100—0]

- 25

= —4 %C c¢m’!
(2) Rate of heat conduction
dQ _ L-T,
dr kA[ L ]

100-0

C09x 15 [10=0]

. @ = 5.4 cal 5!

dt

(3) Suppose T, is the temperature at a point
{ = 18 cm away from the hot end. In the thermal

steady state, as %T remains the same all along

the length of the bar, the temperature at a distance
[ from the end with temperature T, is

e+ (41);
=100 -4x18=28°C
OR
The decrease in temperature per centimeter
distance from the hot end is 4 °C from (I) above.
Therefore, the decrease in temperature at a
distance of 18 cm is 72 °C.
.. Required temperature = 100 — 72 = 28 °C
Illustration 2 : A compound slab consists
of two slabs of thickness L, and L, with
thermal conductivities k and k, respectively
and possess equal area of cross—section
(A1 = A2 = A). If the temperature of the two
ends of the compound slab are T, and T, and
temperatures at their contact surface is T,
show that in the thermal steady state,

k, k,
L, L
=1 =1
kK T,

and heat current

(=

@_A(Tl 'Tz)
dr L, L,

—_— e ==

k, k,
(Neglect the loss of heat)
Solution :
Thermal resistance of block (1)
L,
1= kA and
thermal resistance of block (2)
L
2
R, k,A

Figure 7.3
The blocks are in series,
therefore the total thermal resistance is
R = R] + R2

aQ _L-T

dt R
Tl_Tz
R, + R,
TI_TZ
d—Q :L] LZ
dt A T A

2
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ACT,

_Tz)
_ L .L
LK

The temperamre at contact surface,

_ dQ
T.I _Tl T Rl
o (T, - T,)
“ T (R + Ry)
TR, + TR,
= R, + R,

Rl

LT, , LT,
kA © KA
L
—2
T LA

LT

+

ky
L
3
Illustration 3 : A spherical thermocol
container contains 5 kg ice, Thickness of its wall
in 23.14 cm. Inner radius of the box in 20 cm.
If, 335 k J heat emergy in required to mslt 1 kg
of ice. How much ice will melt in a day ?
Temperatre ocuiside the box in 30 °C. Thermal
conductivity of thermocol in 0.0275 SI unit.
Consider wall of container in thermal steady state.
For a spherical shell, in theermal steady state,
heat current is given by :
Q Anknr(T,—-T,)

! A—=hn

Here, T, and T, are temperatures of outter
and inner surface repectively. 7, and 7, are outier
and inner radies respectively.

Figure 7.4
Solution :

Suppose m kg ice melts in a day. As for

melting 1 kg 335 x 10° J beat epergy is required.
Total heat energy required
Q=m x 335 x 10° (1)
Now,

Q 4nknn (T, T, )
[y

h=n

. mx335 x10° _
T 24 x 3600

4x3.14%0.0275 x 20 %1072 % 23.14 x 1072 x (30-0)
314 x 1072

4% 0.0275 x 20 x1072x 23.14 % 30 x 24 x 3600
s % 10°

C m=

= 3939 kg.

Note : For a cylinderical shell of outter and
inner radii ¥, and 7, respectively and temperatures
of outter and inner surfaces T, and T,
respectively, if in a thermal steady state heat

cument in given by

Q  2mE(T, - Ty
t T Ihnp—-inr
L is the length.

Ilustration 4 : Two rods, one of iron and
another of alumininm, of equal lengh and equal
cross—sections are connscted with each other.
The free end of the iron rod is kept at 100 °C
and the free end of the aluminium rod is
kept at ¢ °C. If thermal conductivity of
aluminium is four times that of iron, find the
temperature of their contact surface in the
thermal steady state.

Solution : Suppose the length of both the
rods is L and arca of cross—section is A,

Let thermal conductivity of iron be k.

. Thenmal candnctivity of almminium will be 4k.

Suppose temperature at the surface of
contact is T,

In thermal staady state of the compound rod,

(e () e

. KAQO0-T,)  4kA(T,-0)
' L - L
" 100 = T_ = 4T,
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- 100 = 5T,

- T, =20°C

Hiustration 5 : The cross-sectional area
of a rod is 12.56 cm®. One end of this rod is
placed in a boiler. Thermometers separated by
13 cm on the rod indicate 56 °C and 45 °C
temperatures respectively. At the other end of
the rod a copper tube is wound around it and
temperature difference of water entering the
tube and flowing out of the tube is 30 °C.
800 g of water flows through the tube in
3 minutes. Find the thermal conductivity of the
material of the rod.

(Specific heat of water = 1 cal g °C")

Solution :
A=125%cm* m=23800g¢g
L=13c¢m 0,-0,=30°C
T|=56°C t=3min=180¢s
T, =45 °C LT, -T,=11°C
KA(T, - T,
Since Q = mcAB and Q =%
me(8, —0,)L
= TA(T,-T,x

_ 800 x1x30x13
12.56 x 11 x 180

= 12.54 cal s! cm™! °C!

Hiustration 6 : A metal rod of 1 m length
is in a thermal steady state at atmospheric
pressure. Its one end is placed in water at
100 °C and the other end is placed in ice at
0 °C. At what distance, from its hot end, a
flame of temperature 2000 °C should be placed
so that the same amount of water that
evaporates at the hot end is the same as the
amount of ice that melts at the cold end in
unit time ? The latent heat of evaporation of

water is 540 cal g! and the latent heat of
melting of ice is 80 cal g

[Hint : If temperature charges, heat
excharged in AQ = mc AT, ¢ is sp. heat. If
there is a change in physical state at constant
temperature heat exchanged is AQ = mL
whtere L is latent hent.]

Solution : Let the flame be placed at x cm

from the hot end.

Also assume that in 1 second m gm of water
evaporales at the hot end and the same amount
of ice melts at the cold end.

sty | 20010 |
_ 1900kA -
and m(80) = kA[ =2 ]

Dividing (1) by (2), we get,
540 1900 100 — x )

80 20000 x )
27 _Q(mﬂ_—x)
4 — 20 x

s 540x = 7600 — T6x

s 6léx = 7600

o x=1233 ¢cm

7.3 Convection

In the phenomenon of thermal conduction the
constituent particles of solids vibrate about their
mean positions and thermal conduction takes palce
with the help of inter-molecular forces. In thermal
convection the constituent particles actually move
from one place to the other, This fact indicates
that convection is observed only in gases and
liguids. i.e. in fluids and not in solids. It is also
true that in fluids thermal conduction plays a very
small part in heat transfer.

In convection, fluid at the bottom becomes
hot and so its volume increases, due to which its
density decreages. 3o due to buoyant force this
‘lighter” fluid moves upwards and due to
gravitational effect the fluid with greater density
is transferred from the top to the bottom. Due to
such a continuous process the fluid is heated. You
can buy potassium permanganate from a chemist
and add it to water while heating it in a flask to
observe this phenomenon.

Convection can be natural as well as forced.
If the motion of the material is only due to the
difference in density it is natural convection, To
understand this let vs examine the phenomenon
of ‘cool current’ near a sea-shore. The soil
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becomes hot due to sun-rays and so the air in
contact with this soil also gets heated and its
volume increases and its density decreage. As a
result of this, this air moves up. So the air
pressure near the soil reduces due to which the
cool air from sea-side rushes towards the soil.
Thus, cool-currents of air are formed. What
happens during night ? (Think yourself)

In forced convection a fluid is forced to move
using some appliance like, a pump, or a stirrer.
In human body heart (of the size of a fist) acts
as a pump to keep blood circulation going on.
Due to this blood circulation body temperature is
maintained.

The volume of water increases instead of
decreasing when the temperature of water is
reduced from 4 °C to O °C. This is called
anomalous expansion of water. The existence of
fish and other aquatic animals is possible because
of natural convection and anomalous expansion
of water. In winter, as temperature of the
atmosphere decreases, water at the surface cools
down, becomes densel and moves downwards.
Less cool water at the bottom moves to the
surface and becomes cooler. In this way the
temperature of the whole quantity of water
decreases to 4 °C through the process of
convection, Now as water at 4 °C on the surface
cools down further, its volume increases instead
of decreasing due to which its density decreases.
Hence such water remains on the surface while
cooling further and at 0 °C temperature, it
transforms into ice. After the formation of ice,
the water below the ice loses heat energy through
heat conduction. The thermal conductivity of ice
is very low and so the process of cooling
becomes very slow. The temperature of water
at the bottom is therefore maintained at 4 °C for
a very long time. In normal conditions, after such
a long time interval, the temperature of the
atmosphere starts increasing and hence aquatic
animals survive.

7.4 Radiation

In thermal conduction and convection
particles of the medium play a very active role.
Most of the region between the sun and the earth
consist of vacuum only. How does the solar
energy then reach the earth ? During winter ¢ven
if we stand away from bonfire, we feel its heat.

The third type as well as of heat transfer is
responsible for making the solar heat reach the
carth the heat of bonfire to us. This type of heat
transfer is known as thermal radiation.

Every substance emits electromagnetic
radiation of certain frequencies in accordance
with its temperature. This radiation is known as
thermal radiation. Thermal radiations are
electromagnetic radiations only. The energy
associated with these electromagnetic radiations
is called scientist radiant-encrgy.

According to Prevost each substance
continuously emits thermal radiations at any
temperature. With increase in temperature the
rate of emission of thermal radiation also
increases. Also the same substance absorbs
other radiations incident on it. If the rate of
absorption of thermal radiation is more, than
the rate of emission of thermal radiation the
temperature of the substance increases and if
the rate of absorption of the thermal radiation
is less then the rate of emission of thermal
radiation, temperature of the substance decreases.
When the temperature of a substance is the same
as that of the environment in which it is kept,
rates of absorption and emission of thermal
radiation are equal.

The proportion of various frequencies of
electromagnetic radiation in thermal radiation
depends on the type of material and the
temperature of the material. For example in a
candle-flame or flame of a bunsen bumer the
temperature of the inner part is less so, it is
yellow in colour. As we go out temperature in
the flame increases so the colour of the outermost
part is blue or violet,

7.5 Perfect Black Body and Black Body

Radiation

The body which absorbs all the radiant
energy incident on it is called a perfect black
body. It is impossible to get 100 % perfect
black body in nature on the earth, The
substance very close to a perfect black body
available in daily life is lamp black or soot. It
absorbs about 98 % of radiant energy incident
on it. In this sense it is 98 % perfect black
body and silver is 2 % perfect black body.
Remember the black colour has hardly anything
to do with a black body.
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« radiant energy incident

Figure 7.5

To study black body radiations consider a
spherical cavity as shown in the diagram. Its inner
surface is blackened and rough. It has a small
(compared to the dimension of the cavity) hole.
A radiation entering this cavity through this
entarance hole undergoes many reflections and
each time it is partly absorbed and partly
reflected. When it reaches the hole again it is
almost left with no energy. Also the portion of
cavity just opposite to hole is such that radiation
can not be reflected back immediately after it
enters the cavity in the opposite direction to come
out. In this sense this pin hole on the cavity can
be considered a perfect black body. If such a
cavity is uniformly heated, radiations coming out
of it can be considered to be black body radiation.
These radiations are also called cavity radiations.

Solar radiations contain radiations of all
wave langths and so the Sun can be considered
to be a perfect black body. Its temperature is
about 5800 K. Cavity radiations from a cavity
kept at the same temperature would be similar
to solar radiations.

So the Sun behaves like a perfect black body
at 5800 K temperature. Now it should be clear
that the black colour doesn’t have much relation
with a black body.

Properties of thermal radiation emitted from
any substance depend on the type of the
substance and its temperature, whereas black
body radiation depends only on the temperature.
In this sense the black body radiation possess
universal properties. This fact indicates the
importance of the study of cavity radiations.

7.6 Kirchoft’s Law

Two spheres A and B of the same material
and of equal surface area are suspended in a
room. Suppose surface of A is polished and that
of B is black. Equal amount of radiant energy is

incident on them. It is clear that sphere A reflects
most of the radiations while B absorbs most of
it. But as their temperatures remain same (same
as the temperature of the room) the rate of
emission of B must be more than rate of emission
of A. Thus we can conclude that the surface
which is a good absorber must also be a good
emitter. This fact is also stated by Kirchoff’s law.
But let us first clearly define some terms.

Absorptivity : On irradiating a surface,
the ratio of the radiant emergy absorbed to
the amount of radiant energy incident on the
surface is called absorptivity (a) of that
surface at a given temperature.
radiant energy absorbed
incident radiant energy

For a completely black bedy a = 1.

Total emissive power : The amount of
radiant energy emitted per unit area per
second from a surface at a given temperature
for all possible wavelengths is called the total
emissive power (W) of serface of that
temperature.

Radiations of all frequencies are included in
the definition of total emissive power.

Spectral emissive power : In the definition
of total emissive power, radiations of all
frequencies are considered. We can also define
emissive power related to a particular frequency.
Emissive power defined in this manner is called
the spectral emissive power (Wf) at frequency f.

“At a given temperature, the amount of
radiant energy emitted per second per unit
surface area, in a unit frequency interval
about a given frequency (f) is called spectral

“a=s

emissive power (W P of the given surface at
the given temperature, corresponding to that
frequency.”

If we choose to use wavelength ), instead
of frequency f, we should write W, instead of

Wf Here A is the wavelength corresponding to

frequency f.

Further it is clear that the sum of the spectral
emnissive powers for all the frequencies gives the
total emissive power.

W= wa = ZWA
I P

The magnitude of Wf depends on the
temperature, material of the surface and
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frequency f.

Emiggivity : The ratio of the total
emissive power of a surface to the total
emissive power of the surface of a perfectly
black body kept under the same conditions
is called emissivity (e) of that surface.

For the surface of a completely black body,
e=1.

Kirchhoff’s law : “The values of
emissivity and absorptivity are equal for any
surface.”

L a=e

Thus, from this law it is clear that, the
surface which is a good absorber is also 2 good
emitter and the surface which is a good reflector
(ie. a poot absotber) is also a poor emitter. Now,
you can understand why the surface of a glass
bottle of a thermo—flagk iz kept shining (like a
tirror).

7.7 Wien’s Displacement Law

The thermal radiation emitted by a body
consists of electromagnetic waves of different
wavelengthe (fraquencies) and the wavelengths
of these waver form a continuous spectrum, but
the number of electromagnetic waves of certain
definite frequencies is more. For instance, in the
radiation emitted by a black body at room
temperature (300 K) majority of the radiation
congists of electromagnetic waves of wavelength

9,550 A. (called infrared waves). On increasing
its temperature, the number of waves of amaller
wavelengths increases. At about 1100 K, as the
waves of wavelength corresponding to the red
colour are more, the body appears red. Sec the
graphs of spectral emissive power W, versus
wavelengths at different temperatures to know
the relative intensity of different wavelengths in
the radiation emitted by a black body. Tt can be
seen from the graphs that with the increase in
temperatuce, the wavelength (A, comresponding

to the maximum value of W, decreases. A
physicist named Wien showed that this

wavelength A is inversely proportional to the
absolute temperaiure of the emitting surface.
AT = constant (7.6.1)
This equation represents mathematic form of
Wien’s displacement law.
The constant in the equation is called Wien’s
constant and its value is 29 x 10° m-K.

Ty=Ty<T3<Ty

=
- visible
. -3 TCRION
L7

A% 10° A

Figure 7.6

7.8 Stefan — Botzmann’s Law

In 1879 AD a scientist named Stefan
showed experimentally and in 1884 AD Bolizmanm
proved theoretically that “the amount of radiant
energy emitted by a surface per unit area in
unit time (i.e. total emisgsive power) is
directly proportional to the fourth power of
itz absolute temperature.” This statement is
known as Stefan — Boltzmann law.

* W= gel (7.8.1)
Here T is the abaoluie temperature e is

the emissivity of the surface and ¢ i3 the
Stefan—Boltzmann constant. Its value is
6 =567 x 10® Wwm? K4,

If the body of tsmperature T is kept in an
cnvironment with temperature T, (T > T), using
equation (7.8.1) it can be proved that the net rate
at which the body loses heat is given by

% = ecA (T* - T") (78.2)

where A is area of the surface. (How can
you get this result from equation ? (7.8.1) Think.
7.9 Newton’s Law of Cooling

If the temperature of a body is T °C and
that of its surrounding is T, °C and T > T, then
it continunously loses heat emergy and its
temperature goes on decreasing with time. The
law presented by Newton for explaining how
much the temperature of a body decreases with
time through forced convection is known as
Newton's law of cooling,

“The rate of loss of heat by a body and
hence the rate of decrease of its tempersature
(i.e. the rate of cooling of a body) is directly
proportional to the difference of temperatures
of the body and ifs surroumding.”
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We know that the amount of heat required
to change the temperature of a body of mass m
and specific heat ¢, by AT is,

AQ = mcAT
Therefore, the rate of loss of heat,
aQ _ _ dT
I me” g, (7.9.1)

According to Newton’s law, the rate of loss
of heat by a body depends on the difference of
temperature (T — T ) between the body and its
surrounding.

. 4Q 4ar
s dr—mcdroc(T T)

Ldr
LS = kT -T)

(79.2)

(793)

=

Here at is the rate of decrease in the

temperature of a body at temperature T.
Equation, (7.9.3) represents the Newton’s law
of cooling. The constant k' depends on the
mass and the specific heat of the cooling body.
Here, the negative sign indicates that the
temperature of the body decreses with time,
as it loses heat energy.

Note that Newton’s law of cooling is true
only for small intervals of difference of
temperature between the body and its surrounding,
If the amount of heat lost by the body due to
radiation is very small, this law holds true for a
large interval of temperature also. Moreover, the
law can be used only when a body is cooling
due to forced convection.

For natural convection, the law of cocling
given by Langmuir—Lorentz is as under.

3
dl _ P
- = (T-T )

Illustration 7 : A body at 80 °C cools
down 10 64 °C in 5 minutes; and in 10 minutes
it cools down to 52 °C. What will be its

temperature after 20 minutes ? What is the
temperature of the environment ?

(794)

Solution : For the first 5 minute
AT=T2—T1=64—80=—16 and Ar =5

H6 g BEE 1)

Here we have taken the average of initial

-

and final temperatures as the temperature of
the body.
Similarly for the next 5 minutes,
AT=52-64 = —

(52+64 T

12 _ s 2

D1v1d1ng equ. (1) by eqn. (2), we get,

6,5 _12-T
5 12738 -1,

4 12 -T
37 8-T,

. 232 = 4T_= 216 — 3T,

" 232-216 =T,

~ T, =16 °C

Substituting this value of Tsi in eqn. (1),

16

S—k(72 16)

= k'(506)

) _16 2

Sk =5%56 = 33

Now, for the third stage Af = 10 minute
AT =T = 52, where T is final temperature,

2T _2( 2T 16)

L 52 —T = —(20+T)

5364 —TT =404 2T
* 364 — 40 =9T

324
9
7.10 Green House Effect

A green house is a structure used for proper
and rapid growth of saplings. It consists of
transparent walls and rocof made from a material
like plastic or glass. Solar radiations entering
through these walls and roof are absorbed by
plants and the soil in the structure. This energy
absorbed by plants and soil is re-emitted in form
of infrared radiation (wavelength 8000A° to
20,000A%). Walls and roof of a green house partly
allow the outward passage of this infrared

oS T= =36 °C
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radiations. So a major part of the infrared
radiation is trapped in the air inside the green
house. And thus ‘warmth’ is produced air inside
the green house.

From this perspective our earth and the
atmosphere around it, behaves like a green
house, Solar radiations contain all wave
lengths. Our atmosphere allows visible light to
pass through and the infrared radiations are
absorbed in the atmosphere. During the day
the surface of the earth and other objects
become hot and later they emit infrared
radiations. This infrared radiation cannot
penetrate through the atmosphere. Molecules
of air, like molecules of CO2 and HZO, absorb
there radiations and re-emit them. Some part
of it comes down on earth’s surface and thus,
some part of heat energy is trapped in earth’s
atmosphere and as a result its temperature is

maintained. This phenomenon is known as the
green house effect. Infrared rays are responsible
for the effect of ‘warmth’ and so, they are called
heat-rays. This is the reason behind ‘warmth’ felt
even during night. Some pollutant gases add to
the green house effect. If the green house effect
would not have been there, average temperature
of lower part of earth’s atmosphere would have
been very low and there would have been very
large difference between the temperatures of
day and night. (Would life ever have been
possible ?) So, like other things, green house
effect should also be in proper proportion | As
green house effect is increasing, due to
pollutants, glaciers are melting and so there is
rise in sea level. This would lead to reduction
in the land meant for terrestrial life. So steps
should be taken to reduce pollutants.
I A wels astad

SUMMARY

1. Heat transfer takes place in three ways :
(1) Thermal Conduction (2) Convection (3) Radiation

Thermal conduction is usually seen in solids, Here, heat transfer takes place
due to the difference in temperature between two adjacent parts. If temperatures
of the portions at x = 0 and x = x + Ax distance from one end are T + AT

AQ AT

Thermal conductivity of a substance depends on the type of substance and

If in a substance, through which heat flows, the temperatures of each part are

Q_kA(Tl_Tz)
15

T, >T)

The laws of thermal resistance for series and parallel connection are same as

In thermal conduction the net displacement of constituent particles is zero.
Also intermolecular forces play a very important role in thermal conduction.

2.
and T, then heat current (H) is given by H = ar - _kAE
Here A in the area of cross section and k is thermal conductivity.
3. % is called temperature gradient.
4.
upto certain extent on the temperature also. Its unit is W m™ k™,
5.
constant (not same) the substance is said to be in thermal steady state.
In a steady thermal state, H = =
6. Good conductors of electricity are also good conductors of heat.
b . :
7. Thermal Resistance (RH) B kA is called thermal resistance.
8.
those for electrical resistance.
9.
10.

In convection constituent particles of fluid actnally move and go to some other
position. So convection is possible in fluids only.
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11,

12,
13.
14.
15.
16.

17.

18.

19.

21.

22

There are two types of convection, (1) Natural convection and (2) Forced
convection,

Convection plays an important role in saving the lives of aquatic animals.
Medium is not needed for heat transfered by radiation.

Each substance emits radiation in accordance with its temperature.

At higher temperatures the rate of thermal radiation in higher.

A substance which can absorb or emit all types of radiations is called perfectly
black body.

Perfectly black body does not exist in nature.

Sun behaves like a perfectly black bedy with temperature equal to 5800 K.
On irradiating a surface, the ratio of the radiant energy absorbed to the amount
of radient energy incident is called absorptivity a of the surface,

Total emissive power : The amount of radiant energy emitted per unit area
per unit time from a surface at a given temperature for all possible wave
lengths is called total emissive power (W).

Spectral emissive power : Af a given temperature the amount of radient
energy emitted per second per uvnit surface are in a unit frequency interval
about a given frequency (f) is called spectral emissive power (Wf).

If spectral emissive power is Wf total emissive power is

W = wa
J

Emissivity : The ratio of total emissive power of a surface to the total emissive
power of the surface of perfectly black body under sume condition is called
emissivity (e) of the surface.

Kirchhoff’s law : The values of emissivity and absorptivity are equal for any
surface. i.e. a = ¢ for perfectly black body 2 = e =1

Wien’s displacement law : In black body radiation product of Wavelength of
a radiation having maximum spectral emissive power and absolute temperature
i constant.

A, T = constant

The value of this constant is 2.9 X 10> m K

Stefan Boltzmann’s law : The amount of radiant energy emitted by a surface
per unit area per unit time (i.e. total emissive power of a
surface) in directly proportional to fourth power of its absolute temperature.
W = oeT*

o is Stefan—Boltzmann constant. Its value is 5.67 X 10%wm2K*.

Newton’s law of cooling : The rate of loss of heat by a body depends on

temperature difference (T — T,) between body and its surrounding.

dT
=TT

Langmuir—Lorentz law : For natural convection the rate of cooling is

th
proportional to (%) power of difference of temperature between the body

and its sorroundings.
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EXERCISES

Choose the correct option from the given options :

1.

b
N

w

One end of metal rod is kept in boiling water and the other is in contact with

ice then ......... .

(A) all the parts of the rod are in thermal equilibrivm with each other.

(B) the rod is said to have one definite temperature.

(C) the rod is said to have one specific temperatwre when it attains thermal
steady state.

(D) the thermal state of the rod does not change after it attaines thermal
steady state,

A compound slab is made up of two slabs. If thermal conductivity of their

material are k, and k, respectively and their cross—sectional areas are the

same, the equivalent thermal conductivity of the slab is .......... (Consider series
connection)
k, = k
Ak, +k ® 52
Yy —¢rv DYy v
© Tk, D) ¥, + k,

A black bedy at T K temperature emits E amout of radiant energy from surface
of 1 m?in 1 s. If its temperature is halved, the amount of energy emitted will

® 1= ® £ © S (D) 2E

In thermal steady state the temperatres of two ends of a meter scale are
30 °C and 20 °C. Temperature of the part of the scale at 60 cm from the hot
end is .......... .

(A) 25 °C (B) 24 °C (©) 23 °C (D) 22 °C
Temperatre of a steel block changes from 100 °C to 90 °C in time ¢, from
90 °C to 80 °C in time Z, and from 80 °C to 70 °C in time t, then ...eeevee «

Ayrn<i <z, Bye>t,>1
= = _hth
O ==t D) 4, = ==

The wavelengths corresponding 0 maximum intensity (spectral emissive power)
emitted from two black bodies A and B are 11 X 107 ¢m and 5.5 X 107% em

. Ta
respectively then P T e
B
A) 2 ®) 4 (€ % @) 1

Equivalent thermal resistance of a parallel connection of two rods having thermal
resistances R, nad R, is woeees

R, R, R, + R,
A R, + R, ® RR,
(8 R1 + R2 (D) none of the above.

A big piece of glass is first heated and then is allowed to cool. On cooling
down, a crack is developed in it. One of the possible reasons for this 15 ...,
(A) small thermal conductivity (B) large thermal conductivity

(C) large specific heat (D) high melting point
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10.

11.

12.

13.

14.

16.

L b 8

18.

A steel ball is brought in contact with an identical ball of wood, then they will
be equally hot or cold at .......... .

(A) 984 °C (B) 984 K

(C) 984 °F (D) room temperature.
Which of the following is closest to a black body ?

(A) Black board paint (B) Green leaves

(C) Lamp soot (D) Black hoele

Two spheres of the same material have radii 1 m and 4 m and temperature
4000 K and 2000 K respectively. Ratio of the energy radiated per second by
the first sphere to that by the second is .......... .

(A)1:1 B)16:1 ©C4:1 Dy1:9
According to Newton’s law of cooling, the rate of cooling of a body is
proportional to (AT)". Where AT is the difference of the temperature of the
body and the surroundings and then n = .......... .

(A) 2 B3 © 4 M1

If the temperature of the Sun were to increase from T to 2T and its radius
from R to 2R, They the ratio of radiant energy recieved on earth to what it
was previously will be .......... .

(A) 4 (B) 16 ©C) 32 (D) 64

Three rods of equal dimensions are arranged as shown in the figure. Their

thermal conductivities are 50k, 3k and 2k. Temperature of junction O is ..... .
_» 50°C

(A) 75 °C ® 22 «

Figure 7.7
. A sphere, a cube and a thin circular plate, all of same material and same mass
are at the same temperature. Which of the following would cool fastest ?

(A) Circular plate (B) Sphere
(C) Cube (D) All of them
A body heated to 1000K,uses surface area 10cm?. If radiates 340.2 J energy
per minute. So emissivity is .......... . (60 = 567X 10°* Wm?2 K%
(A) 0.1 (B) 0.02 (C) 0.01 (D) 0.2
The temperature of the two outer surfaces
of a composite slab, consisting of two matrials | « ik T
with thermal conductivity k and 2k and
thickness x and 4x respectively are T, and n 4n
T, (T,>T). Figure 7.8
AT, - T )k
The rate of heat transfer through the slab is (T " L) £ Sof= s
1 2 1
(A) 1 ®) 3 © % D) 3

In a system of two concentric spherical shells of radii r, and r, temperature of
the inner sphere is T and that of outer sphere is T,. The radial rate of flow
of heat in a substance between these two concentric spheres is proportional

o ... (r,<r)

(r,—n) B

—rl r2 (B) In[ "
hn

(C) _(,.2_,,1) ™r-r,




164

PHYSICS

ANSWERS

1. (D) 2.0 3.(A) 4B 5{A) 6 (©
7. (A) 8. (A)  9.( 10. () 1L (A) 12. (D)
13. (D) 14.¢(A) 15 (A) 16. (A) 17. (D) 18. (C)

Answer as briefly as possible :

b

th & W

® % e

14.

What is meant by thermal conduction ?

Give the dimensional formula for temperature gradient.

Give SI uni¢ of heat current.

Name the physical quantity which has unit similar to heat current.

State the dimensional formula for heat conductivity.

What is meant by thermal resistance ?

What is forced convection ?

On which factors does the frequency of thermal radiation depend 7
Temperature of the Sun’s surface is 5800 K. What is the wave length which
has the maximum spectral emissive power for the Sun ?

. What is the unit of emissivity ?
. In the radiations emitted by a black body at 27 °C temperature which radiations

have the maximum spectral emissive power 7

. As per Wien's displacement law fm o ... fm is the frequency corresponding

to maximum spectral power,

- The total emissive power at 0 °C is W . So total emissive power at 546 °C is

Answer briefly :

1.

el LB Sl o

Discuss the factors on which amount of thermal energy passing perpendicularly
between two nearby cross—sections depend. Hence obtain expression for heat
current.

Explain thermal steady state using proper example.

Explain heat convection in fluids.

Define absorptivity, emissivity and hence explain Kirchoff’s law of radiation.
Explain cavity and cavity radiation.

Explain total emissive power and spectral emissive power.

State and explain Wein’s displacement law.

State Newton’s law of cooling. Also obtain its expression.

Solve the following problems :

1.

A and B are two rods of equal lengths and different materials. Temperatures
of their two ends are T1 and T2 for each rod. Which condition must be satisfied
so that the rate of heat flow becomes equal for both ?
[Ams. : % = i—B
B A
The dimensions of the ceiling of a room are 4 m X 4 m X 10 ¢m. Thermal
conductivity of the concrete in the ceiling is 1.26 W m™ °C-!. At one moment,
the temperature outside and inside the room are 46 °C and 32 °C respectively.
(i) Find the amount of heat flowing through the ceiling in one second. (i) A
layer of bricks of thickness 7.5 ¢cm and thermal conduetivity 0.65 W m™! °C
is laid on the ceiling. Find the new rate of flow of heat.
[Ans. : (1) 2822 ] (2) 1150 W]

]
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E}I

6.

The thickness of ice layer on the surface of a lake is 5 cm. Temperature of
enviroment is —10 °C. Find the time required for the thickness of the ice layer
to become double. Thermal conductivity of ice is 0.004 cal/cm s °C, density of

2
ice is 0.92 glem® and latent heat of fusion is 80 cal/gm. (Hint : [xdx = %)

[Ans. : 19 hour and 10 min]
From 1 m? area of surface of the Sun 6.3 X 107 J energy is emitted per
second ¢ = 5.669 X 10® Wm2 K. Find the temperature of the surface
of the Sun.
[Ans. : 5773K]
How many times faster the temperature of a cup of tea will decrease by 1 °C
at 373 K, then that at 303 K ? Consider tea as a black body. Take room
temperature as 293 K. (0 = 5.7 X 10°® Wm™ K

[Ans. : 11.3]
For the composite slab shown, find effective thermal conductivity.
k, ;
A I B e s + '
kl . k4
I |
‘\x |

Figure 7.9

4k k (k, +ky)
[ABs: = “Ge "+ k )k, + kp+4kk,

A thermally insulated rod of length L, has conducting ends. In its thermal steady
state, its ends are maintained at T and T, temperature (T, > T)). If the
temperature dependence of thermal conductivity of rod in different regions is
given by k = a + bT,

Obtain the formula for its heat current

Its cross sectional area is A.

A T,+T
[Ans. : % =L@ -T)@+ b[ ‘2 z J]

Solar constant is the amount of solar energy incident perpendicularly per unit
time on unit surface area of the earth at an average distance between the Sun
and the earth, Its value in S, = 1340 w/m? Hene calculate temperature of the
Sun’s surface.

Radius of the Sun R = 7 X 10°m

Average distance between the earth and the Sun

R, = 15X 10''m

6 =567%x 10°* W m? K* [Ans. : 5739 K]
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8.1 Introduction

Dear students, Boyle, Newton and other scientists tried to
explain the behaviour of gases by considering that gas is made
up of tiny molecules. Any physical form of matter is made up
of constituent particles like atoms, molecules or ions which are
in continuous motion. In solids, the melecules are closely spaced
and oscillate about their mean position. In liquids, the distance
betwen constituent particles is more in comparison to that in
solids. Because the distance between the constituent particles
in gases is more, the interactive forces between them are
negligible in gases, in comparison to those in solids and liquids.
Hence the constituent particles of gases can move freely in
perpetual motion.

Out of these three states of matter, the study of behaviour
of gases in terms of its constituent particles is easy, which is
studied in kinetic theory of gases. The kinetic theory of gases
is based on the gas laws and on Avogadro’s hypothesis.

Physical quantities like pressure, temperature, volume, internal
energy are associated with a gas. These quantities are ohtained
as an average combined effect of the processes taking place at
the microscopic level in a system known 88 macroscopic
guantities. Macroscopic quantities can be measured directly, or
can be calculated with the help of other measurable macroscopic
quantities. For example, the pressure of a gas can be measured
directly, where as its internal energy can be calculated from the
macroscopic quantities like its pressure, volume and temperature.
The description of a system and events associated with it in
context to its macroscopic quantities is known as macroscopic
description.

The understanding about the macroscopic quantities and their
inter relationship can be obtained from the processes occuring
between constituent particles of the system at microscopic level.
For example, the pressure of a gas can be understood in terms
of random motion of its molecules, their collisions with the walls
of the container, and the associated changes in their momenta.
This way, the physical quatities like speed, momentum, kinetic
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energy etc. associated with the constituent
particles at microscopic level, are known as
microscopic quantities. When the system and
events associated with it are described in context
to microscopic quantities, this description is known
as microscopic description.

In the kinectic theory of gases, by applying the
laws of mechanics statistically to the constituent
particles of the system, the macroscopic quantities
are obtained in terms of microscopic quantities with
the help of mathematical scheme.

The kinetic theory of gases gives information
about the pressure, temperature and volume of
the gases, as well as other parameters like
viscosity, conduction, diffusion and specific heat.
8.2 Behaviour of Gases

It has been observed from experiments that,
for very low densities, the pressure, volume and
temperature of a gas are interrelated by some
simple relations.

8.2.1 Boyle’s law

At constant temperature and low enough
density, the pressure of a given quantity (mass)
of gas is inversely proportional to its volume, i.e.

1

Po —

v

(constant temperature, constant mass)
.. PV = cosntant (8.2.2)

(8.2.1)

> V{(Litre)—
Experimental P — V curves (solid lines) for
steam at three temperature compared with
Boyle’s law (broken lines)
Figure 8.1

Fig. 8.1 shows the experimentally obtained
curves (solid lines) of pressure against volume
for steam at three temperatures, and theoretically
obtained curves (broken lines) using Boyle’s law,
Experimental curves are in agreement with the
curves obtained using Boyle’s law at high
temperatures and low pressures.

8.2.2 Charle’s law

At constant pressure and low enough density,
the volume of a given quantity (mass) of a gas
is proportional to its absolute temperature, i.e.

VeT (8.2.3)

(constant pressure, constant mass)

% = constant (8.2.4)
> V(Litre) —

Experimental T — V curves (solid lines)
for CO, gas at three pressures compared
with Charle’s law (broken lines)
Figure 8.2

From Fig. 8.2 it can be observed that, at
constant pressure and enough low density, the
given quantity (mass) of gas obey Charle’s law.

Gay Lussac’s Law : For a given volume and
low enough density the pressure of a given quantity of
gas is proportional to its absolute temperature, ie.

P o T (constant volume, constant quantity)

£ = constant (8.2.5)

T

8.3 Avogadro Number

IfP, V and T are same, then the number of
molecules (N) is also same for all gases, which
is Avogadro’s hypothesis. Hence,

“For given constant temperature and
pressure, the number of molecules per unit
volume is the same for all gases.”

At standard temperature (273 X) and
pressure (1 atm), the mass of 224 litres of any
gas is equal to its molecular mass (in grams).
This quantity of gas is called 1 mole. (Avogedro
had guessed the equality of number of gas
molecules in equal volumes of gases at a fixed
temperature and pressure from chemical
reactions. Kinetic theory justifies this hypothesis.)

The number of particles (atoms or
molecules) in one mole of a substance (gas)
is called Avogadro number, which has a
magnitude N, = 6.023 X 10" mol™.

If the number of gas molecules in a container
is N, then the number of mole of given gas is

N

(8.3.1)
NA
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Thinking in other way, if the total mass of
gas in a container i8 M, and the mass of 1 mole
of the gas (called atomic mass or molar mass of
the gas) is M, then the number of moles of the
gas is

M

b= (3.3.2)
MO

8.4 Ideal gas-state equation and its
different forms

If we combine the Boyle'’s law and Charle’s
law, we get
PV

5 = K (contant)

(for given quantity of gas)

Which shows that, by kecping the pressure
and temperature of a gas to be constant, if the
quantity {mass) of a gas is varied, then the volume
of the gas is proportional to the quantity of the
gas. Thus the constant term on the right side of
equation (8.4.1) depends on the quantity of the
gas. If the quantity of gas is represented in mole,
then

(84.1)

PV

TO=HR

or PV = PRT (8.4.2)
Where L = number of mole

R = Universal Gas constant
= 8.314 J mol™* K

If a gas completely obeys equation
PV = uRT at all values of pressure and
temperature, then such a (imaginary) gas is
called an ideal gas. In actual practice no gas is
an idesl gas in every situations,

Az the thermodynamic state of a gas at very
low devity can be verified by putting the
magnitudes of macroscopic quantities P, V and
T in equation (8.4.2), thig equation ig called an
ideal gas-state eguation.

If we put p = N in equation (B.4.2),

N.
we get,
N

PV = ——RT

N, (8.4.3)

Putting 1‘?_,\ =k, in equation (8.4.3)

R=N akn 844
Where k, = Boltzmann’s constant

= 1.38x 10 J K
which is defined for one molecule

;. PV = ENT (84.5)

or P=kB%T=anT (84.6)

Where, n = ﬂ=numberdmsityofgas
A

= number of molucules per
unit volume of the gas
Fuarther, from equations (8.3.2) and (8.4.2)

M
PV = =*RT
M,
. M RT _ pRT
S P= v M, - M, 84D
M .
Where p = v = mags dengity of the gns
A ldeal
as
F‘1V | i
ry T
].l'l"] | T,
Jmol K ) Ty T)> Ty>Ty
P (atm)— i

Real gases approach ideal gas
behaviour at low pressures and high
temperatores
Figure 8.3

In Fig. 8.3 the behaviour of 2 real gas at
three different temperatures is shown, which
differs from ideal pas behaviour. It can be seen
from the figure that at low pressure and high
temperature, the real gas behaves like an ideal
gas. Ideal gas is actally a theoretical model of
a gas.

The work done duoring the change im
volume of the gas :

Dear friends, in Chapter-6, we obtained the
work from the graph of F — x. Using this
procedure, the work done during change in volume
of the gas can be obtained from the graph of
P — V. This way we get the relation

L
W = -deV for the work. We will discuss

¥
about it in detail in foture in the chapter of
thermodynamics,
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Niustration 1 : The surface area of the floor
of a room is 20 m? and the height of its walls is
3 m. If the temperature in the room is 27° C and
pressure is 1 atm, then find the mass of air inside
the room. Consider the mass of 1 mole of air to

be 29 g. (Given : | atm = 1.01 x 10° Nm?=
1.01 x 10° Pa, R = 8.31 J mol™' K™
Solution : P =1 atm = 1.01 x 10° N m™?
V = volume of room = 20 x 3 = 60 m’
R =831 J mol™! KL
T =27°C =273 + 27 = 300 K,
According to ideal gas state equation
PV = pRT

R '
© W= RT
_ 101 x 10° x 60
8.31 x 300
S p =243 x 10° mole 4]

Hence the mass of air is
m=29u =29 x 243 x 1¢?
=705 x 10° ¢
m =705kg )
which is the mass of air inside the room.
Miustration 2 : In a vessel of 20 L volume,

if oxygen is filled at a pressure of 2.5 x 10° N
m 2, find the mass of oxygen in the vessel. The
temperature of oxygen is 27 °C, and molar mass
of oxygen is 32 g mol™.
R = 8.31 J mol™! KL,
Solution :M02 = molar mass of oxygen
=32 g mol™!
=32 % 107 kg mol™
P =25 x 10° N m?
V=20L=20x10°m’
| = number of moles
R =331 I mol K'!
T =27+ 273 =300 K
According to ideal gas state equation
PV = uRT

. .. _ PV

- B=RT
M, pv
Mo, “MT RT

2

L Mg, = mass of oxygen

_ PV
=Mo, X BT

= 32 x 107 x 2.5 x 10° x 20 x 107
831 x 300

= 0.064
=64 x 1073 kg

oMy, = 64 g.

Dlustration 3 : A gas of 15 kgis filledin a
cylinder at a pressure of 107 N m™. The gas is
leaking out of the cylinder. At one moment the
pressure of the gas is found to be 3 x 105N m™.

How much gas would have leaked out by then ?
Consider the temperature to be constant.

Solution : P, = 107 N m™
P, =3 x 108 N m™
M, = 15 ke
M, = ?

According to the ideal gas state equation, at
constant volume and temperature

PV = uRT
PV = wRT

R_wm_M

P, K M,

) 3 x10° x 15
.'.M2=?l XMI= 107
=45 kg
Thus out of 15 kg, 4.5 kg gas is left. Therefore
the amount of gas leaked out is

15-45= 105 kg
llustration 4 : What will be the relative
mass of air in your class room in winter at
temperature of 7 °C, as compared to that in
summer at temperature of 37 °C ?
{(Consider the pressure to be constant)
Solution : T =7+ 273 = 80 K
T,=37+273=310K
According to the ideal gas state equation
PV = nRT,
PV = uRT,
- ulTl = “sz
u_T
L% B Tl
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Ly M T _ 310

=M, =T = :®0
Hence, in comparison to summer, the mass
of air in winter will be 1.1 times.

=1.1

IMlustration 5 : A bottle is closed by a
cork which contains air at temperature of
7 °C and pressure of 1 atm. The cork can
withstand a pressure of vup to 1.3 atm. Then
up to what minimum temperature can we heat
up the bottle so that the cork gets ejected ?
Neglect the thermal expansion of the bottle.

Solution : P] = ] atm

P, =13 atm

¥V = constant
T,=7°C=280K
T =7

According to the ideal gas state equation
PV = JRT,

P,V = URT,
P _TI
. PZ —T2

P, 1.3 x 280

A Ty=p Ty= g
& T, =364 K

s T, =364 =273 =91°C
Ilustration 6 : Calculate the volume of an
ideal gas at ¢ °C temperature and 1 atm pressure,
Solution : T=0°C=0+273 =273 K
I =1 mole
P=1atm= 101 X 10° N m?
R =831 Fmol! K
v=7
According to the ideal gas state equation
PV = uRT
. v:£=1x8.31x273
" P 1.01 x 10°
=0.0224
S V=224%x107° m® =224 L

8.5 Kinetic Theory of Gases

Till now we gave macroscopic definition of
an ideal gas in terms of inter relations of its
macroscopic quantities like volume, pressure,
temperature etc, Actually, according to the kinetic
theory, these calculations are given in terms of
the microscopic quantities like speed, momentum
and kinetic energy of molecule of the constituent
particles of the gas., Te understand the
macroscopic quantities from these calculations,
scientists developed a theoretical model for an ideal
gas which is based on a hypothesis, The hypothesis
made for an ideal gas gives the definition of the
ideal gas based on its microscopic description. The
theoretical model based on these hypothesis is
called molecular model of the ideal gas.

8.5.1 Molecular model of an ideal gas :

Postulates :

(1) Gas is made up of tiny particles.
These particles are called molecules of the
gas.

The molecules of gas may be monoatomic,
diatomic or pelyatomic. If the gas is made up of
a single element or a compound and is chemically
stable, then all of its molecules are similar.

(2) The molecules of gas may be
regarded as completely rigid spheres without
any internal structure.

(3) The molecules of a gas perform
incessant random motion.

During such motion molecules collide with
cach other and the walls of the container.

(4) The molecules of a gas follow
Newton’s Laws of motion.

During the random motion, between two
consecutive collisions, molecules move freely in
a straight line with constant speed according to
Newton’s first law. During collision, the speed
and direction of molecules of gas varies in accordance
with the Newton’s second and third laws.

(5) The number of molecules in a gas is
very large.

The reason for stipulating a very large number
of molecules is that we can not study the motion
of individual molecules. Further, considering a
large number of molecules, there will be a large
number of collisicns among molecules and an
incessant random mation will continve.

(6) The volume occupied by a molecule
of a gas is negligible in comparison with the
volume of the container.
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It means that in comparison to the average
distance between molecules, the diameter of the
molecnle is very small, so that the interactions
among molecules can be neglecied.

(7) Intermolecular forces act only when
two molecules come close to each other or
collide.

(8) The collisions between the molecules
and between a molecule and the wall of
container are elastic. The time interval of
collision is megligible in comparison with the
interval between successive collisions.

Kinetic energy is conserved during elastic
collision.

Ilustration 7 : If the volume of steam
of a given mass of water is 10* times the
volume of water of the same mass, determine
the available space to the water molecules of

steamn. Take radius of water molecule R = 2;;.

Solufion : As the volume of steam of a
given mass of water is 10° times the volume
of water, considering the molecules to be
spherical, and the surrounding to be spherical,

1
V= %‘n:E‘E:&Rc:cV§

1
~ Roc (10°)® =10 times more.

Thus the total available (radius) space to
every molecule of steam is

= 10 X radins of water molecule
a

=10x2A

=20 A

Hence the average distance between adjacent
steam molecules is 2 X 20 =40 A
8.6 Pressure of an ideal gas and rms speed

of gas molecules

As shown in Fig. 8.4 consider that an ideal
gas is filled in a cubical container of sides [, and
that the three sides of the container are parallel
to X, y, Z axes, As shown in the Figure, a
molecule of gas with velocity (v_, v, vz) hits
the planer wall of the container parallel to yz
plane of area A = [°. As the collision is elastic,
the components of velocity along y and Z
directions do not change, but only the component
along x direction changes its direction. Thus, after
collision, the velocity of the gas molecule is
v, ¥y, V)

Therefore the change in the momentum of

the molecule = — mv_— {mv} = —2mv,

<
™
2
L=
g

Elastic collision of a gas molecule with the
wall of the container.
Figure 8.4

Hence according to law of conservation of
momentum, the momentum transferred to the wall
is +2mvy_.

To calculate the force (and hence pressure)
on the wall, we have to calculate the momentum
imparted to the wall in unit time. In time At, the
molecules with velocity v, will hit the wall only

if they are within the distance Ad = v,. At from
the wall.

Thus only the molecules within the volume
Av At can collide with the wall in time At. But,
on an average, half of these molecules will be

moving towards and other half away from the
wall. Thus the number of molecules with velocity

" . 1
v,, Yy vz) hitting the wall in time Af is 5 nAvar.

where n» = number of molecules in unit
volume,

The total momentum transferred to the wall
in time At by these molecules is

p, = @mv) (%nAvat)

P = nmAv 2At (8.6.2)
Thus in time At the force acting on the wall

{8.6.1)

is F = % and hence the pressure per unit

area acting on the wall is,

(8.6.3)

Actually, all molecules in the gas do not have
same velocity. Hence equation (8.6.3) is
applicable for the pressure exerted by n number

of molecules per unit volume with velocity v_.
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Taking average value of v.%, we get the total
pressure

P=nm<v?> (8.6.4)

S P=p <yl (8.6.5)

where, nm = p = density of the gas
and < v? > = average value of v >

As the gas is isotropic, the gas molecules
will be moving with different velocities in
different directions, and hence the average
values of squared velocities in every direction
will be identical, i.e.

<v? >.=<vy2>-=«<vz2 > (8.6.6)
eV =<vf>+<vy2>+qu"’>
— 2 — 2 — 2

=3y >=3<y  >=3<y; >

1
. 2w — 2 5 — 28 = =
.<vx>—<vy>—<vz>—3<v2>

(3.6.7)
Where, < v* > = mean of the squared

velocity of gas molecules,
Using equation (8.6,7) in (8.6.5)

P=(%) Vo>

Equations (8.6.4) and (8.6.8) represent the
pressure of an ideal gas.

(8.6.8)

V.ms ¢ The square root of the mean squared
velocity < v* > is called v, (root mean squared
speed). This is a particular type of molecular
speed, From equation (8.6.8).

) &
V= o

Two remarks :

(8.69)

(1) We considered the container of gas to
be cubical, but actually the shape of the vessel
is immaterial. For a vessel of arbitrary shape, we
may choose a small {infinitesimal) planar area and
carry out the above calculations. In equation
(8.6.8) both A and At do not appear. According
to Pascal’s law, the pressure is same everywhere
for a gas in equilibrium.

(2) In the above calculations we have
neglected the inter—atomic collisions. The number
of molecules hitting the wall in time Af is

%nAvat . In steady state also the molecules

collide with each other randomly. When a
molecule with velocity (v, , vy, vz) collides with
another molecule of different velocity, then the other
molecule acquires velocity (v, , vy v,) and the
velocity of first molecule changes, Thus, during any
collision, there is no change in the value of
< v2 > (ie. <V >). Thus, on a whole, there is
no effect of intermolecular collisions on the
pressure P. (Equation 8.6.8).

8.7 Kinetic Energy and Temperature

Equation (8.6.8) can be written as

PV = % nvm < vV > (8.7.1)
.°.Pv=3N-lm<v2> (8.7.2)
3 5 7.

where N = nV = number of molecules of

the gas in volume V, and % m< v > =

average translational kinetic energy of gas
molecules.

But since the internal energy of an ideal gas
is purely kinetic, i.e.

1

E=N-5m<v2> {8.7.3)
From equations (8.7.2) and (8.7.3 )

_ 2
BV = 3 E {8.7.4)

Comparing equation (8.7.4) with the ideal gas
state equation (8.4.5) (i.e. PV = kBNT),

2E = k,NT

o E= SENT (875
From equations (8.7.3) and (8.7.5),
Eelmev>=3 KT @76

Thus the average kinetic energy of a gas
molecule is proportional to the absolute
temperature of the gas. Further it is independent
of pressure, volume or nature of the gas. This
fundamental result relates temperature (which is
a macroscopic quantity, and is related with the
average combined effect of the processes
occuring at microscopic level in the system)
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with the average kinetic energy of the
molecules. Equation (8.7.5) shows that the
internal energy of the (ideal) gas depends only
on its temperature and not on its pressure or
volume. From this interpretation of temperature,
the kinetic theory of an ideal gas is seen to be
completely consistent with the ideal gas state
equation and the various gas laws based on it.
8.8 Law of Equipartition of Energy and

Degrees of Freedom

The average kinetic energy per molecule of
a gas in a container is

<E>= lm(vxz>+lm<:v LS lm<vzz>

2 2 y 2

3
= Sk,T (8.8.1)
But as the gas is isotropic 1
- 2 —_ 2 —_ 2 S
LRyl =<yts=<y >—3<v2>
. _3 -3
. <E>=3m< V= SkT (882
| 3 1
s §m<v >=§kBT (8.8.3)

Thus, the energy associated with each
possible independent motion of a molecule
in a container is %kBT.

As explained in equation (8.8.1), the
molecules of gas have independent translational
motion in X, ¥y and z directions.If the gas is
made up of diatomic molecules, then the
molecules have rotational and vibrational motion
along with the translational motion. The
rotational motion of such molecules is possible
in two different directions :

{1) about a perpendicular axis passing through
the mid point of a line joining both the molecules,
and,

{2) about an axis perpendicular to both, the
above mentioned axis and the line joining both
the molecules, as shown in Fig. 8.5

?1 D] Q)
1 "

| Py

/

1
L

7
(1} m@/
2
Rotational motion of diatomic molecule in
two independent directions.
Figure 8.5

Further the atoms of diatomic molecules
perform vibration {oscillation) about their mean
position along the line joining them, (See Figure
2.0)

The vibration of the atoms of diatomic
molecule about their mean position along
the line (y) joining them
Figure 8.6

During vibration (oscillation), the atoms
posses potential energy and kinetic energy.

The of different
independent motion possessed by a molecule
of the
molecules of the gas system. A monoatomic
molecule has 3 degrees of freedom, where as a
diatomic molecule (CO) has 7 degrees of
freedom. If the diatomic molecule is taken as
a rigid rotor, then its degrees of freedom are 5
(e.g. at moderate temperature O,). According to
the law of equipartition of energy, the energy

number types of

is called degrees of freedom

associated with each degree of freedom is % kT

(where k& = Bolizmann’s constant).

Illustration 8 Find the energy
associated with thermal motion of 200 g of
oxygen at 27 °C, (Consider the molecule of

O, as a rigid rotator.)
Selution : Since oxygen is a diatomic
molecule (and a rigid rotator), it has 5 degrees

of freedom.
The energy associated with each degree of

freedom is %RBT.

Now, 32 g O, contains 6.02 X 102

molecules.
Hence, the number of molecules in 200 g O, is

6.02 x 105 x 200
32

3.76 X 10%
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. Total thermal energy of 200 g of

0, 1s—376><10“x—knT

2

[5 %138 x 1072 x3ooJ
=376 x 10 x

=38 x 10* J.

8.8.1 Estimation of the specific heat
of a gas from the law of equipartition of
energy

Dear students, the number of
independent types of motion a8 gas molecule
(on ideal) possess, is called the number of
degrees of freedom of the gas molecule. The
energy associated with cach degree of
freedom is %EBT It means that, if the
degrees of freedom of a gas molecule is f,
then each moleculs of the gas can store the
energy in f different ways. If the degree of
freedom of the gas molecule is f then the
average heat energy of each malecule of
the gas is

By, = fx 3 kT = SkT

If the number of mole of an ideal gas
is |, then the number of molecules in the
gas is UN A Therefore the internal energy
of p mole of ideal gas is,

El‘nl = u'NAEn
f
= “‘NATknT
_ £
= 5 AN kT
. f |.I.RT (8.8.4)
Vo By = B.
Where, R = N k = universal gas
constant.

Bquation (8.8.4) shows that the internal
energy of given amount of an ideal gas
directly propertional to the absolute
temperature of the gas.

The amount of heat energy required to

change the temperature of a unit mass of
substance by unity, is called specific heat
of the material of the substance,

For the gases, 1 mole quantity is taken
48 unit mass.

Hence, “The quantity of heat required to
change the temperature of 1 mole of gas by
1 K (or 1 °C) is called molar specific heat
of the gas.”

Out of many methods for variation of
temperature of the gas, two methods are
important.

() Specific heat at constant volume (C,) :

The amount of beat required to change the
temperature of 1 mole of gas by 1 K, keeping
its volume constant, is called the specific heat of
the gas at constant volume.

(i) Specific heat at constant pressure (C) :

The amount of heat required to change the
temperature of 1 mole of gas by 1 K, keeping
its pressure constant, is called the specific heat
of the gas at conmstant pressure.

In future we will discuss the specific heat in
degail.

8.9 Mean Free Path

The path of motion of & molecule of a gas
is shown in Fig. 8.7. When this molecule
collides with another molecule on its path, the
direction and magnitude of its velocity changes.
After this collison the molecule moves on a
straight path until it collides with another molecule.
In gases at NTP the mean free path is of the
ordex of 1000 A.

Path of motion of a molecule of a gas
Figure 8.7
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The linear distance travelled by a molecule
of gas with constant speed between two
consecutive collisions (between molecules) is
called free path. The averapge of such free paths
travelled by a molecule is called mean firee path.

As shown in Fig. 8.8 (a), suppose that the
molecules of a gas are spheres of diameter d.
Thus when the centres of two molecules come
together at a distance of d, then the molecules
collide.

Gas molecules Sphere of collision of

of diameter d diameter 2d
(a) (b)

d vt
Imaginary cylinder of radius d and length vt
(c)
Figure 8.8

Now consider a molecule of diameter d

moving with average speed ;, and the other
molecules to be stationary. The molecule under
consideration will suffer collisgion with any
molecule that comes within a distance d between
their centres. To count the number of such
collisions in time Z, imagine a “sphere of
collision” of radius d (or diameter 2d) around
the centre of the given molecule (see Fig. 8.8
(b)).

In time ¢, the molecule will sweep a cylinder
(imaginary) of area of cross—section md? and

length ;t (see Fig. 8.8 (¢)). Thus the molecule
will pass through an imaginary cylinder of volume
Td?5 ¢ in time £, If the number of molecules per
unit volume is », then the number of molecules

in this cylinder of volume nd %yt is nrd >yt
Hence, the molecule will undergo nm d %yt
collisions in time .

The mean free path ] is the average distance

between two successive collisions,
s Mean free path =
( Distance travelled by a molecule

in time t with average speed v )
Total number of collisions in time ¢

- vi

V= — (8.9.1)
; 1

nl=—m0 (8.9.2)

Im this derivation, other molecules are
assumed to be stationary. In actual practice, all
gas molecules are moving and their collision rate
is determined by the average relative velocity

< v, > in equation (8.9.1). Hence
- 1
[ Mean free path | | = ﬁmtdz (8.9.3)

Niustration 9 : At normal temperature
and pressure (NTP) the number of molecules
per cubic meter of Nitrogen gas is 2.7 X 107
Find the mean free path of molecules of
Nitrogen. (Diameter of a molecule of Nitrogen

is =32 % 10 7% m)
Solution :
n =27 % 10°° molecule m™
d=32%x 100" m

. Mean free path | = ﬁ
n

- 1
Vel S T x 27 x 105 x 314 x ( 32 x10 D0 )2

v 1 =817X 10%m.

Illustration 10 : The radius of a
molecule of Arpon gas is 1.78 f& Find the
mean free path of molecules of Argon at 0
°C temperature and 1 atm pressure.

k,=138 x 102 JK!
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Solution : P
a SR =
F=178 A =178 x 10°m kg T
d=72r=356% 10 m The mean free path of Argon molecule is

T=0C=237K
P=1atm= 1.01 X 10° N m™2
From equation (8.4.6) ol =

P =nkBT

10.

11.

12,

13.

el ol
1 i T wd

1.38 x107™ x 273

“ ] =665%10%m

SUMMARY

The description of a system and events associated with it in context to its
macroscopic quantities (like pressure, temperature, volume etc.) is known as
macroscopic description.

Gay Lussac’s Law : For given volume, the pressure of a given quantity of
gas is proportional to its absolute temperatre.

Avogadro’s Hypothesis : For a given constant temperature and pressure,
the number of molecules per unit volume is the same for all gases.

The mass of 22.4 litres of any gas at standard temperature (273 K) and pressure
(1 atm), STP, is equal to its molecular mass in gram. This amount of gas is
called 1 mole,

Ideal Gas : A gas that satisfies the equation PV = URT exactly at all
temperatures and pressures is called an ideal gas.

Boyle’s Law : At constant temperature and low enough density, the pressure
of a given quantity (mass) of gas is inversely proportional to its volume.
Charles’ Law : At constant pressure and low enough density, the volume of
a given quantity (mass) of a gas is proportional to its absolute temperature.
The average kinetic energy of gas molecules is proportional to the absolute
temperature of the gas, and it is independent of pressure, volume or nature
of the gas.

The internal energy of (an ideal) gas depends only on its temperature, and
net on its pressure or volume.,

The number of independent and different types of motions that the molecules
of gas posses are called degrees of freedom of the gas system. Each type

of motion has an associated energy of %kBT.

Free Path : The linear distance travelled by a molecule of gas with constant
speed between two consecutive collisions (between molecules) is called free
path.

Mean free path : The average of the free paths travelled by a molecule
of gas is called mean free path.

Molar specific heat : The quantity of heat required to change the
temperature of 1 mole of gas by 1K (or 1 °C) is called molar specific
heat of the gas.

14, Specific heat at constant volume (C,) :The amount of heat required to

change the temperature of 1 mole of gas by 1 K, keeping its volume constant,
is called the specific heat of the gas at constant volume.

1414 % 3.14 x 1.01 X 10° x ( 3.56 <10 © )
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15. Specific heat at constant pressure (C,) : The amount of heat required

to change the temperature of 1 mole of gas by 1 K, keeping its pressure
constant, is called the specific heat of the gas at constant pressure.

| EXERCISES |

Choose the correct option from the given options :

1.

[

6.

9.

To increase the given volume of a gas by four times,
(A) its temperature should be increased 4 times
(B) at constant pressure, its temperature should be increased 4 times

(C) its pressure should be decreased to one fourth
(D) its pressure should be increased 4 times
2 kg of air is filled in a container. Its pressure is 10° Pa. On adding another

2 kg of air in the container at constant temperature,its pressure becomes.....
(A) 10° Pa (B) 0.5 x 10°Pa {(C)2x 1¢° Pa (D) 10’ Pa
SI unit of the universal gas constant is ..........

(A) cal mol! B) I mol™ {C) ] mol! K (D) T mo' K

The volume of an ideal gas is V, pressure is P and temperature is T. The mass
of each molecule is m. Hence the density of gas is ..........

P P Pm
(A) kaT (B) kT ©) k, TV (D) kT

(Where, k, = Boltzmann’s constant)

When the absolute temperature of a gas is increased 3 times, v, of its
molecules becomes ..........

(A) 3 times (B) 9 times © 7 tmes (D)3 times

At some definite temperature, the mean kinetic energy of the molecule of O,
(molar mass = 32 g) is 0.048 ¢V. The mean kinetic energy of the melecule of
N, (molar mass = 28 g) at the same temperature is .......... €V.

(A) 0.048 (B) 0.042 (C) 0.056 (D) 0.42

1 mole O, gas (molar mass = 32 g), filled in a container has temperature T
and pressure P. Hence the pressure of 1 mole He (molar mass = 4 g), filled in
an identical container, at temperature 2T is ..........

(A) P (B) 2P C)y4 P D) %

In a sample of Chlorine gas, the average kinetic energy per molecule at 300 K
is 621 X 102! J and v, is 325 m s”'. What will be the values of these
quantities at 600 K ?

(A) 12.42 x 102! J, 650 m s~

B) 6.21 x 102 J, 650 m s~

(C) 1242 X 103 1, 325 m 57!

(D) 1242 x 102 J, 459.6 m s!

Air is filled in an open vessel at 60 °C. On heating this vessel to temperature

th
T, 4 of air comes out of the container, then T = ..........

(A) 80 °C (B) 444 °C (C) 333 °C (D) 171 °C
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10. If a fan is kept switched on in a closed room then the room .......... .
(A) gets cooled (B) gets warm
(C) remains at the same temperature (D) may get cooled or warmed

11. The interatomic forces between constituent particles of gases are .......... in
comparision with the interatomic forces in solids and liguids.
(A) more (B) equal
(C) negligible (D) much more

12. The amcunt of heat energy required to change the temperature of vnit mass
of substance by unity is called .......... of the material of the substance.
(A) specific heat (B) kinetic energy
(C) heat energy (D) internal energy

13. The internal energy of given amount of an ideal gas depends on .......... of the
gas.
(A) pressure (B) temperature
(C) volume (D) molar mass

14. The mean free path in gases js of the order of v o .
A1 A (B)10 A © 10° A (D) 10° A

15. The volume occupied by a molecule of a gas is .......... in comparisen with the
volume of the container,
(A) more (B) negligible (C) much more (D) double

16. If the degrees of fieedom of a gas molecule is f, then each molecule of the
gas can store the energy in .......... different ways.
A 2f ®) f C)fr2 ®) f*

17. For given constant temperature and pressure, the number of molecules per unit
volume of a gas .......... .
(A) is different for different gases.
(B) varies with the volume of molecules of the gas.
(C) is proportional to the molecular mass of the gas.
(D) same for all gases.

18. The pressure of a gas in a container .......... due to inter—moleculer collisions
of the gas,
(A) does not change (B) changes continuously
(C) increases slowly (D) decreases slowly.

19. The degrees of freedom of CO gas are .overne &
(A) 3 (B) 5 <7 D) 9

20. The average kinetic energy of gas molecules is ......... .

b2
bt

b
[

(A) proportional to the absolute temperature of the gas.

(B) propottional to the pressure of the gas.

(C) proportional to the volume of the gas.

(D) depends on the nature of the gas.

The degrees of freedom of inert gases like Ar, Ne, He are .......... .

(A) 3 B) 5 7 D) 9
- At moderate temperature the degrees of freedom of O, are .......... .
(A) 3 B) 5 o7 D9
. The length of a straight path between two consecutive collisions of gas molecules
is called .....ovns
(A) degrees of freedom (B) free path

(C) jan marg (D) mean free path
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1. (B) 2.() 3. 4D 5D 6 (A
7. (B) 8. M 9.M 10.(B) 11.(C) 12. (A)
13. B) 14.(C) 15 (B) 16. (B) 17.(D) 18. (A)
19. (C)  20. (A) 21. (A) 22. (B) 23. (B)

Answer the following questions in brief :

Which macroscopic quantities are explained by kinetic theory of gases ?
What is the value of standard temperature and pressure 7

At which temperature and pressure does a real gas behave like an ideal gas ?
What is the basis for molecular model of an ideal gas ?

What should be the shape of a container of ideal gas for calculating its
pressure ?

6. Which quantity is conserved during elastic collision of gas molecules ?

7. On what factors does the average kinetic energy of gas molecules not depend ?7
8. What are the macroscopic quantities ?

9. 'What are the microscopic quantities ?

10. Define the degrees of freedom of a molecule of a gas.

11. Define specific heat of gas at constant volume,

12. Define specific heat of gas at constant pressure.

Answer the following questions :

1. Write the ideal gas state equation and explain its different forms.

W R

State the Boyle’s law and explain it using graphs.

W
. H

Give the kinetic interpretation of temperature of gas.
OR

Explain the interpretation of temperature of gas in terms of kinetic energy of
its molecules.

4. Obtain an expression for the momentum of a gas transferred to the walls of a
container gas in time Az

W

If the momentum transferred by gas molecules to the wall of a container of
gas is p, = nmAy *At, obtain an expression for the pressure of gas in the
container.

6. Explain the average heat energy and internal energy of an ideal gas in terms
of its temperature.

Solve following examples :

1. The volume of a definite amount of a gas at 3 afm pressure is 12 L. At
constant temperature what should be its pressure so that the volume of
the gas may reduce to 9 L ? [Ans. : 4 atm]

3

b2

Find the number of molecules in a room of volume 27 m
27 °C and 1 atm pressure. (k, = 1.38 x 102 J K™

[Ans. : 6.58 % 10* molecules]
3. Find the mean translational kinetic energy of a molecules of He at 27 °C.
(k, = 1.38 X 1002 J K [Ans. : 6.21 X 1072 J]
4. At what temperature v, - of O, is equal to v, of H, gas at 27 °C ?

at temperature

(m02 = 32 g mol?, mH2 = 2 g mol™?) [Ans. : 4300 K]
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W

10.

11.

An oxygen cylinder of volume 30 litres has an initial gauge pressure of 15 atm
and a temperature of 27 °C. Afier some oxygen is withdrawn (released) from
the cylinder, the gauge pressure drops to 11 afm and its temperature drops to
17 °C. Estimate the mass of oxygen taken out of the cylinder. (R = 8.31 1]
mol”! K, Molar mass of 02 =32g mol ™) [Ams. : (.141 kg]

At what temperature, is v, . of the molecules of a given gas double of the
v, at 16 °C 7 [Amns. : 1156 K]

Compare v of the molecules of hydrogen and oxygen at 27 °C temperature
and 1 atm pressure. (Molecnlar mass of hydrogen = 2 g mol!, Molecular
[Ans. : (vrm)H2 = 4{vw)02]
Find v, of hydrogen at ¢ °C temperature and 1 atm pressure. Density of
hydrogen gas is 8.9 x 102 kg m™>. , [Ans.:1845m 5]
If the molecular radius of hydrogen molecule is 0.5 A, find the mean free path
of hydrogen molecules at 0 °C temperatmre and 1 aim pressure,

(k, = 138 x 102 J K™) [Ans. : ] = 8.4 x 107m]

If the mean free path of the molecules of a gas at temperature T and pressure
P is I, show that the mean free path of the molecules of the same gas at

mass of oxygen = 32 g mol™)

temperature 2T and pressure % is4l

The atmosphere contains 3 X 10% molecules of air in one cubic meter and the
mean speed of the moluecules is 10° m s™'. Find their mean free path and
from that calculate the number of collisions of a molecule with other molecules
in 01 8. (i. e. collision frequency). (Take the diameter of air molecules to be
2 A) [Ans. : 1.88 X 107 m, and 3.77 x 10 collisions per second]
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SOLUTION
CHAPTER 2
. R = 412+4081422+414 414 Q.
Now, take AR, = R - R, AR, = R - Ry and calculate the average

b2

absolute error using formula,

n
AR =%2 AR, | = p.040Q.

AR 0.04

Relative error = R =412 = 0.0096
Percentage error = 0.0096 x 100 = 0.96%
Density of cylinder p = 2 = z
ty cy p - V - JFI'ZJ
Now, use the formula A;)P = % + 2% + ATI and hence calculate

percentage error using formula % x 100 %

L 2L
T=2n g ..g=47fr[\2

. Ae _ Al AT _ 01,001
.g_! +255 =150 +2 2 =001

Percentage error = 0.011 x 100 = 1.1 %

Total arca of sheet = 2( { x B+ B x D+ x D)
put I =4.234m, b=1.005m, £ =201 x 10> m

Area = 2(4.3604739) = 8.7209478 m? = 8.72 m’
Volume of a sheet = { X b x t = 0.0855289 = 0.086 m°

(t = 201 x 102 m has the least number of significant figures (3). Therefore
the answer is rounded off up to 3 significant digits.

L 4% . _1 4% __C_

_ _ _ _ nl 2
- 47;80 r2 o 0 4 E: f'z N m2 N Cz m

[ ] _ M _ _(AIT]) (A )_ ML 13 T A2
o1 T [F1[rF (M' U T2)(L )2

[l=LTY=3x10ms!

El=[LT?=10ms>

[Pl = M' L7 T7 = 10° N m™

Now, Solve the above equations for M, L and T,
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10.

[c] =[] = M°LO T!

Now, [af] = [v] - [a] = [ﬂ = ML! T2

and [tfc] =MW S [bl=DPt+ecl=MLT

v o kg P
(MU Ll T_l) =(M'U L] T'—Z)ﬂ (MU Ll -l-O)b
. : _1 ., 1
metlus,w.w.fe;v.m]l‘ﬂ,vf:ta—2,!;'—2
1l 1
Sovoee kg?h?
Tapaprc

Write the dimensional formulae of both the sides and compare them. You
will get

3,1 _
a——6,b—2,c—

=

| CHAPTER 3|

t=:é=ih,t % hl—/—

_ X
3007 20 &o™ b 3 ~ %"

Average velocity = X =
o+ + 4 X

= 16.36 km h!

The time required to cover the first 5 km ¢, = %h

The time required to cover the next 20 km, £, = 2—3 h

The time required to cover last 15 km ¢, = %h

.10 20 30 _
Tota]tlme—v+v+v—1h

From that v = 60 km h™!,
Consider the upward motion of the monkey as positive and downward motion
as negative,
X=m+EEm+5Sm+EEm+5m+EE3m+5m+E3m+5m

= 13m
The required time
t=(1+D+A+D+A+D+(Q+1)+1=95
For, first 120m, v, = 0, x = 120m, @ = 2.6m s from 2ax = V* - voz,
v=@ fortherestofmedlslancev—@ms v=]2ms'1,
V2 — v02
—
Total distance travelled = 120 + 160 = 280 m

a=—15m s from x = , X =160 m
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10.

11.

Takex=16m,v=0anda=—9.8ms‘2andfrom2ax=Vz—vuzcalculate

Yo
v, Suppose at height &', initial velocity becomes half {j Now take

v
X=h',v= 70 and use above eugations to find &',

Suppose both the objects meet at height 2 (from the bottom of the tower) and
at time ¢ For a freely falling object, v, =0, x = (39.2 — ) m and for an

object thrown in vertically upward directions.

Vy = 196 m s_l, x = i m. Now use equation x = Vf + Latz and calculate

2
t and A.

_dx _d _ - _
ve =g CH MUt 5 =3+ 82
_dv _d 5y =

a= "y =a @B +Bt-2)=6:+8

Putting ¢ = 4 s in the above equation we shall get

v=78ms'andag=32ms?

Nowputf=0and?=4sinx=£+ 42 — 2¢t + 5 and find out v(0)

and v(4).

Nowput f=0and =4 s in v = 32+ 87 — 2 and find out w(0) and 1(4).

v(4) —v0) _
4-0

The relative speed of train A w.rt. train B is V,—vy=30—-10=20m g !

Now, put v =0, 2 = =2 m s % in

2ax = v* — v, and find out x.

For both the cases use the equation v = v, + af. You will get a = 4 m 572

Now, <a>»= 20 m 572

and v, =8 m s ' Put these values in x = vt + %aﬁ, the displacement will

be x = 570 m.
(a) The area under curve of v — ¢ graph gives the distance travelled by a particle

*. distance = %(12)(10) =60 m
(b)  The slope of the line OA during the time interval 0 — 5 s will give

acceleration @ =24 m s Now puta =24 ms2 in x = Vot + %at2

and calculate the distance travelled in the time interval of 2 s to 5 s.
Same way the slope of line AB gives acceleration @ = 24 m s 2.

Again, use x = Vol + %alz and calculate the distance for time interval

of 5stobs.

The relative velocity of the bird w.r.t. train will be v, — v, =5 — (-10) =
1 e . . 120 m

15 m 5. Time required to cross the rain= ——— =8 s.

15ms™!
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12. v = 4 t, Therefore, a = % =4ms?2

Now, nse x = vt + %atz
t =2 g, distance travelled x(2) = 0 + %{2)(2)2 =8m

t = 4 s, distance travelled x(4) =0 + %(2}(4)2 =32 m

Therefore, distance travelled in t=2stwor=4swillbe=32m -—-8m=24m
Second Method :

v=4

Loax

- dr =4

Sode =4rat
X 4

. fdx = [4t ar
0 2

4

2

.x=4|:%] =242 -2 =2%m
2

CHAPTER 4

1. For the resultant force, nse the formula R = \fAz + B? + 2AB cos ©
where A=FB=Fand 8 =90

- - - - . K _ ]_3)
2. Find A — B. For the unit vector of A — B use the formula. # = ‘
- -
A~ B ’
3. Calculate according to illustration 13,
' _ distance _ _23km
4. (a) Average speed = time = [ZSJ
&0 hr

Magnitude of displacement
time

(b) Magnitude of average velocity =

_10km
T (28
(&)

= -
5. (a) att=0, vy =10j,

Ve =0ms v =—10ms!

- - - o _
Constant acceleration ¢4 =8 + 27, .. 1:1x=8msz,ay=2.0ms2
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9.

X=vyt+ %af, S 16=0+ %8[2, st =2 sec

y=v t+%aﬁ,Snbsﬁtutct=2.sec=>y=z4m

Oy
- — — - x
a =8 +2]

= 2 4 -1 -1
. v =161 +14j;v . =16ms ,vy=]4ms

2 2 2 = 1
| v | = v, + v, =1lv |=2126ms"

Suppose the distance covered by the plane at the height 3600 m in 10 seconds.
Here (as shown in the Figure) the distance AB can be considered as an arc
of a circle with radivs 3600 m which subtends angle 30° at the centre.

Arc = Radius X Angle (in Radians) A

30z
.. AB = 3600 X (]80] 3600 ™\, 57

v = distance _ ABm

-1
fime [os — 6omms

2 .
Vo sin20

9, = 30°, R = 3 km, using formula R = p

Find v, Using v, in formula for the maximum range find out the maxirum
range

V2
Ronax = g
If the target is farther away then the maximum range, the bullet will not hit
the target.
U vozsin290 g $inB,
R~ 2 ~ 1,?02 2sin, cos8, = 4cosd,

. fan 90= % 90=tan R

- - -
C=A+8B
ﬁ

- =
1 Cl=C=IA + BI

Substitute R = C in R = \JA2 4 B2 4 2ABcosd
s, C: = A? + B? + 2ABcosO

But A+ B =C is given

S (A+BPF=C'= A®>+ B>+ 2AB = C*
Using (1) and (2)

1

@)
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2AB = 2ABcos0
LeosB=1=206=0

- - - -
Hence A and B are in the same directin (i.e. A and B are parallel)

Here A + B = C is given. Hence the three vectors would be in the same
direction. Hence 6 = 0

—

- -
10. Changing the direction of A | = A; A, =—-A

= A

- - - - - -
W AA=A,- A, =-A-A=-2A
AA =1=2A =24

- -
A A means change in the magnitude of vector A . Now changing the direction
of the vector, the magnitmde of the vector does not change.

Y - Y
W AA =1 A I-1A I=A-A=0
- - -
11. Suppose A =Aand A, =2A
—
X and Y components of A, A, = AcosO and A1y= Asin®

—
X and Y components of A |, A, =2Acos0 and A, =2Asind
Ay =2A, and Ay =24,

- Y
12. Suppose the given vector is A | T 5
L AL=cos0® = AL A= Asing® =0 e AL oy
If only the direction of the vector is changed, the
magnitude of the vector do not change. Y
) when A is rotated through 90° it b A A
i) when is ro u it becomes
( 1 g 2 A, “9 = %0°
<Ay, = Ao =0, A, = Aisind0°= A N *X
- -
() A, is rotated throngh 180° becomes A , Y
—
A, = A cos(180°) = A, A, 6 = 180°
. X
Aay = Alsm(180°) =0
— — Y
(i) A, is rotated through 270° becomes A ,
A, = A,cos270°) = A ,cos(180°+90°) = A, cos90° = 0 < = 22?:
—
A4y = A 5in(270°) = A sin(180°4+90°) = A, sin90° = —A, A%
- - 3
@v) A is rotated through 360 becomes A X
SR A
which is nothing but A | —PH>1x
0 = 360°
SAL=AL=AGA =A =0
W
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13. Yes, when two objects are moving opposite to each other, their relative velocity
will be the summation of the velocities of the two objects, which will be greater
than the velocity of each object.

Y
i+ Fr=JoF + @ =2
0= +ve
y X
0 = tan’! [—] =tan! 8 = 45°
* Y
1§+ F1=+J0% + M =2 .
1 D =—pe
0= ran"T = tan! 9 = —45°
15. A = 100 units, B = 200 units, C = 150 units.
:{ 5 X = Compoﬂents Y 3 CQmponcntS
o O A, = Acos90° =0 units A, = Asin90° = 100 units

E

>X B, = Bcos60° = 100 unit By = Bsin60° = 173 units

C,= Ceos0® = 150 units Cy = Csin(® = (¢ units

k4

- - o
16. Position vector ¥ = Xxi + yJ

x=-3 y=-—+4 Y
_) ~
r=-3 —4j
- X="3m N
r= e3P 4 (4P =5m ‘ ‘ei X
-4 ?f)‘=—4m

tan © = (_—3) = 1.333 |

N

0 = tan™' 1.333

17. 'With the change in the direction of the axis, the magnitude and the direction of
a vector do not change. Of course the value of the components along the axis
change.

- - —_ -
“ A+ B and A — B are independent of the selection of axis. But the
values A, + B, will change with the change in the position of the axis. i.e. It
will depend on the selection of axis.

— — - —
18. IA + BI=1A - Bl
“ A%+ B? + 2ABcos® = A% + B? — 2ABcos9
s 2ABcos® = —2ABcosO
s 4ABeosO =0 = cosB =0
L 0=90

-3 ™~ n .
19. In the formula for r =327 + 4£ j + 7k, substituting ¢ = 0 gives position

— —
vector 7, at t =0, and on substinuting # = 10 s in the same formula gives 1,

the position vector at the end of the 10" second.

-
. displacement during 10 seconds Ar = K, — I
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— ~ A~
20. The component of the vector A in the direction of vector { + j is given by

i ~
A cos @ where 9 is the angle between A and vector  + J given by

= A -~
A cosB = w
i+ jl

21. The component of a non-zero vector taken in the direction perpendicular to the
non-zero vector is zero, Hence the non-zero vector has zero component.
If a given vector has non-zero component, it indicates that the vector has
some magnitude ( valve ) becavse the magniude of a vector is always greater
than the value of its component. Hence, vector with non-zero component cannot
be a zero vector.
b d -

_)
22. A+ B=¢C
— - =
.JA+BE=Il¢I
C?2 = A% + B? + 2ABcoso
Now A’ + B? = C?
.. 2ABcosO = 0
Socos9=0
L0 =900

- -
Hence the vectors A and B are perpendicular to each other.

(]

23. As the range of both the objects is same, we have 8, + 6, =

2v,,sin6,

time of flight ¢ = g

_ 2wy sinby, 2vy $inBy,
1727 g X g

]
b

Vo .
| 5= g”-j 25in@y sin(5 = 8))

2"”012 ,
P 25in0 cosf, |

.

2v,,2
. sin20,,

R

o e

CHAPTER 5

- - -+
1. Impulse of force FAf = m Ay = change in momentum Ap

—> - — -2 n
Apy =myv' —my, m v, = (0.08)(5) ; kg m/s
— -, - - »

Ap, =My, —myy, m,y, = 008)S)—7) kg m/s
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un

mv,' = QO8)XSX-1) kg m/s

-
myv,' = (0.08}(5)—1) kg m/s
Now proceed further.

F
Acceleration of entire system = a = m

F=2N,m]=6kg,m2=2kg
Force on 2 kg mass = (mz)(a)

F
(my + m, + m,)
F=12N,ml=1kg,m2=2kg,m3=3kg
contact force on 2 kg block by the first block.

Acceleration of entire system = g =

F, = (m, + ms)a or F,=F-ma
Contact force on 3 kg block F, = (m)a or F,=F - (m + mya
Find m, gsin60° and m,gsin60°.

The greater value will decide the
direction of motion.

m]gsinﬂl -T=ma W1
T — 1*?12(;;.';:;1&'12 = m,a L(2) m, & sin®
Adding we get,

mlgsinel - m,b,gsinﬁz = (m, + mya
Find a from this equation. Substitute its value in equation 1 or 2 to find T.

my my
3kg |—L>—el | 3kg |—>20N
S f
F = 20N, m =m =3 kg, a= 0.5 mfs?

Think of FBD,

for block with mas m; T-f= ma WAD

9 F-T-f=ma

Adding we get, F — 2f = (m, + m,)a

From this find f and then substitude its value in equation (1) or (2) to find T.

CeL-y B Beyoa

SOlds O oy

for block with mas m

T
Let the total mass of rod = M
", mass per unit length A = % s M= AL

. mass of part 1 of rod, m, = yA = 0’)%

and massofpartZofmd,m2=(L_y)k =(L—y)%




19¢ PHYSICS

Forpml,FBDgivesF]—T=ma=[%]a

M
For part 2, FBD gives T— F, = m,a = [[LJ(L—)’)]H

Adding we get F, — F, = Ma

a=5&5

T-F, =ma gives

M H-E
T=F,+ma=F,+ | |[L-»N M
Now proceed.

—
7. () For small time interval before 2 s; X is constant. . ¥, = 0 Similarly for

-
small interval after 2 s also, x is constant .. v, =0

- -

— —
. Impulse of force FAt = mAv =m (v, — V) =0

- >

(i) Here v, = ZOTt = 10{ m/s
- T Y R
v, = 22‘- =57 mis

Y — - -
- Impulse of force FAf = mAvy =m (v, — V)

@) (-5 -107)

= -30{Ns

—

. | FAf) =30f Ns

_)
L1 FAfrl =30Ns
8. Mumal gravitational force have equal magnitude = F

S F= ma, = mya, {(in magnitude)

1
5 7“1‘
Since Vy = 0 for both, 5, = "

2
2 ay m -

9. (i) For first half length (d), v, =0
acceleration a = gsin@ .. v — 0 = 2 (gsinB)d )
(i) For second half length (d), the frictional force fis greater than mgsinO,
Hence, the downword motion along the slope is a retarded motion. This
fricticnal force, f = UN = pmgcos@
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b2

un

.. The value of deceleration (1etardation) is,

, _ f—mgsin  gmgcosO — mgsin0
m m

a

g(icosd — sind)

For this downward motion,

0 — V= 2(-a')d ©)
From equations (1) and (2)

— 2gdsinG = 2[—g(jlcos® — sinB)d]
This gives |l = 2tan®.

CHAPTER 6

Find the mechnical energy for the situation shown in the figure. Now draw the
figure for the situation in which the block of 2 kg touches the reference surface.
For this sitnation also calculate the mechnical energy. Compare both values of
mechanical energy.

As per law of conservation of momentum

5 - -
e L} +
ml Y ml Y + IW"l Vy

Now m =m,=m

— -+
. — "4 \
s vl — vl V2

. V12 = vl‘2 + v2'2+ 2v1' v,' cos 7]
Use law of conservation of momentum
dx
x=FL—-6t+9 fmdv=$

for v = 0 find x.
Displacement = x = x,

. . dv g
Find acceleration a = E which is zero

s Force =0 .. work =7

To find v at bottom use the law of conservation of mechenical energy.
Acceleration parallel to slope is a = g sin®. Now use the equations of motion.
As the system is stationary the initial mometum = 9
SMY+mv=0.IMVI=|l-mvI|I=P

As per law of conservation of mechanical energy

%kxz = Iymve 4+ Lo

2 2
_P P
“2M T 2m
Now try further.

For the motion from A to B, use the conversion of PE into KE to determine
the velocity of A and B. For collision between A and B use law of conservation
of momentum and find the velocity of B. For the final position again think
about conversion of KE inte PE.

PE near A = mgr.

Near D while moving from A to B




192

FHYEICSH

lﬁl

_1 z
mgr = 2mv2+ 4 XrXR

Similarly think about tha motion from B to C.
o L _1
Iml:mlli:nnﬂ:lce1:n=.rrg3,r—2mv0

KE when velocity redues to half of original value.

rd
= 1myg
4

[ ]

my>=FX6

b =

L
3

A F—-— ( va )X%

Nowl:ryfurﬂ\er.

Since initial and final speeds are same K— K, =W =0

Also W = work done against frictional force + work done by graviational
force. Now try further.

CHAPTER 7

Write the equations for the heat current for both and explain.
First write each data in SI unit
T-T
(i) H=FkA T
(i) Layer of bricks and slab from composite £lab.
Calculate the thermal resistance for current using a series combination, and
then calculate heat current. I

Consider a layer of thickness dx and 5em
surface area A. Heat required to be —
taken away to form such layer is )I(
dx
dQ=Adxpl’ p in density and L' latent heat of melting

If for passage of this much heat through

5 + x cm thick slab is df

do=ka 3o db

Compare the equation, integraie and get the answer
InH=%=ceAT4asA=l zﬂ-¢5.3>»:10"'1J\:'

¢=1 and value of &

Use H= 0eA (T - T}

For the composite slab, determine the effective thermal resistance nsing formulae

for series and parallel connections. Compare with R = %-k- where

L' =4x, A' = 2

K=a+bT

. K and T bear a linear relationship.

*. T can be replaced by the avarage value of the maximum and minimum
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T,+T,
values of T. i.e. 2
T, +T.
.'.K=a+b[ ]2 2]

Insert value of K in the equation.
Note : Instead of using the avarage value of T, same result canbe obtained by
integration.
8.  Consider unit surface area on earth to be a point of sphere of rudius R, at
average distance between the earth and sun.

Now S =

> and H= 6 4n R? T*.
T
0

CHAPTER 8

1. According to the ideal gas state equation
PV = URT
Hence at constant temperature
PV, =PV, =uRT

PV
F,= v,
2. PV = kNT
-
..N=kBT
3. <E>=%m<v2>=%kBT
4 §m<v2>=§kBT
cis o o

T, =(TH2X"102)
0, e,
M
5. PV =yRT = ) RT
_ MPV
- M= RT
M. VP M. VP Mmv (B P
M M = —0 MVt MgV L2
AM =M, -M, = =T RT, R { L T,
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10.

11.

1 2 _ 3
E " < Vyms >1 = E Tl
1 2 _ 3
5 m<v, > = E"BTz
V" > T
<v,m7‘ >] = Tl
Vs > X T
T2 = <y 2y
ms 1
1 3
> mH2<v2>H2— 5 kT
1 2 _3
2 m02<v >5, = szT
mH2<v2>H
1
rrz,:,2<;:2>02
Mg, <V2>q
<y s = . <
TS H2 mHz
!E
Vmdu, = "y, Vrmsdo,
b= [
7= 1
= 27nd?
ButP=nkBT
n= P
ke T
o kT
J2Prd?
- k. T,
U l = B 1
'= P
- kT,
2 2Pnd?
7= 1
- \Eamdz

Number of collissions per second = nRd?v ¢
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APPENDICES
_APPENDIX 1 |
THE GREEK ALPHABET
Alpha A o Iota I 1 Rho P
Beta B B Kappa K x | Sigma
Gamma T ¥ Lambda A A | Tau T
Delta A o Mu M 1} Upsilon Y
Epsilon E g Nu v Phi
Zeta y ¢ Xi = & Chi
Eta H n Omicron 0O 0 Psi
Theta | o Pi I n Omega
APPENDIX 2
SOME IMPORTANT CONSTANTS
Name Symbol Value
Speed of light in vacuum c 29979 X 10° m s!
Charge of electron e 1.602 X 10" C
Universal constant of gravitation G 6.673 X 10"' N m? kg
Planck’s constant h 6.626 X 10 ] s
Boltzmann constant k 1.381 x 102 J K
Avogadro number N, 6.022 x 10% mol™
Universal gas constant R 8.314 J mol™* K
Mass of electron m, 9.110 X 10~ kg
Mass of neutron m, 1.675 X 1077 kg
Mass of proton m, 1,673 X 107 kg
Electron charge to mass ratio e/m, 1.759 x 10" C/kg
Faraday constant F 9.648 x 10" C/mol
Rydberg constant R 1.097 X 10" m™
Bohr radius g 5292 x 10" m
Stefan-Boltzmann constant g 5.670 X 10°* W m K
Wien’s Constant b 2.898 X 10°* m K
o Eq 8.854 x 1072 C? N-! m™2
Permitivity of free space
1/4xe 8.987 X 10° N m? C?
P bili £ 47 X 107 T m A
R B U e Mo [ 1257 x 10 Wb A
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APPENDIX 3

TRIGONOMETRY

In right angle triangle, if a, b and c are opposite sides of angles A, B and C
respectively than trigonometric functions are defined as follows :

opposite side 3

(i) sin® = hypotenuse = ¢ =cosd A
. _ adjacentside 4
(ii) cos6 = hypotenuse ~ ¢ sing b
opposite side  p
(iii) tan = adjacent side - =@ = co

) adjacentside g C
(iv) cot® = opposite side ~ b

c

(v) secd = cos@ — 4

: __1l _c
(vi) secd = sin@ — b
(vii) tan® = ;:;g

_ cosb
(viii) cotO = <in®

SINE AND COSINE RULES

a b c
(ii) c2=3.2+b2-2abcosv
(iii) Exterior angle, 6 = ot + B

. Sin o sin B sin ¥y
(i) = =

TRIGONOMETRIC IDENTITIES
Q) sin’0 + cos’0 =1
i} 1 + 1an®® = sec®
(iii) 1 + cot’® = cosec*®
(iv) sec’® — tan’0 =1
) cosec’® — cot’@ =1
(vi) 5in20 = 25in0Q cosd
(vii) €0520 = cos?0 — sin*d = 2cos0 — 1 = 1 — 2sin*6
(viii) sin(ot & B) = sinccos§ £ cososinp

(ix) cos(o. + B) = cosacosp F sinosinP
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a + B a + p
(x) sinoy + sinP = Zsin[ 5 }cas >
B

a + B oa —
(xi) cosa + cosP = 2cos( 5 ]cos( 2 J

a + p x — B
(xii) cosa—cosﬂ=—25in[T]sin[ 5 ]

Sign of sinB, cosB and fan0 in different quadrants :

AT
: 2
Quadrant sin cOS ian
i 1
L + + + sin>0] All >0
< =
I + - - T m v 0, 21
tan > 0| cos > 0
I - - +
i
v - + - A

sin(—9) = —sin
cos(—0) = cos0
tan(—0) = —tand
5in(90°—8) = cos9
co5(90°—0) = 5ind
1an(90°-8) = cord
5in(90°+0) = cosd
co$(90°+0) = —sind
tan(90°+0) = —cotd

Values of sine and cosine for special angles :

0° 30° 45° 60° 90° | 180° | 270° | 360°
Function - 3
& i L4 i 20
0 rad. Grad 4rad 3l':-)d 2l'ad nrad 2rad 2nrad
: TSI (R
sin 0 5 \5 5 1 0 -1 0
S| L 1
cos 1 T \5 5 0 -1 ) 1
0 - 1 0 0
fan \6 \5 o o
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Quandratic Formula :
If ax® + bx + ¢ = 0, then

;= —htb’ —dac
Za

Formulae of Log :
1. I log a = x, then a = 10*
2. log(ab)=1log(a)+ log(h)

3. log(%):log(a)—log(b)

4. log(a®y=nlog a
5. loga=1
6. Ina= loge“ = 2.303 Iagma

Important Expansions :
1. Bionomial Expansion

(lix)":linx+n(n;'l)x F o (X< 1)
(1ix)*—1¢nx+“(";”"2¢ ...... (x<1)
xz xz
2 e"=1+x+ﬁ+§+ .....

when x << 1, thenef=1+x

3. £n(l+x)=x—x?+x?+.....(|xl<1)

when x << 1, then In{ 1 + x ) = +x.
4. Trigonometric Expansion ( @ in radian )

k| 5
(i) sine=9—% + &

5t
2 4
(i) cosG=l—%+%+m..
_ @ e
(iii} tan8 =8 + 3 +15+ .....

If O is very small, then sind® ~ 0; cosb ~ 1 and tan® ~ 0O rad.
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GEOMETRIC FORMULAE

!
b Area = /b Surface area = 47/
Volume = % I
Rectangle Sphere
Area =TT : Area of curved
: surface = 27/
Circumference = 21 Cylinder Volume = 707/

Circle

Area=2(lb + Ih + bh)

Area=lbh e
2 h-

b I ! Volume = Ibh
Cuboid

Triangle

Slope, m = tan §

"~

-
T

tat! '

Y Vo
. izt BN
k i \_j‘/x

2 2
ST Lo 222 Ellipse : X + £ =
Straight line ; y=mx + ¢ Circle . x" +y =r p £ + b2 1
, 2, 22
1 yMCircle:x™ +y =7
<
t
b
€ I > N
h 4 X

Parabola :y = @2 + bx + ¢ Hyperbola : xy = constant
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